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ABSTRACT
The aim of this work was to investigate the chemistry 
of vanadium in relation to dinitrogen fixation and consequently 
the literature concerning vanadium systems which reduce 
dinitrogen in protic media and the coordination compounds of 
vanadium(II) and vanadium(III) has been surveyed.
In view of the importance of tertiary phosphines in the 
stabilisation of dinitrogen complexes of second and third row 
transition metals, methyldiphenylphosphine complexes of 
vanadium(III) , (VC13 (PPh2Me) 2) and (VC13 (MeCN) (PPh2Me) 2) have 
been prepared and their electronic spectra and magnetic 
moments measured. The structures, determined by single crystal 
X-ray diffraction methods, are trigonal bipyramidal, 
(VCl3 (PPh2Me)2) , and octahedral, (VCI3 (MeCN) (PPH2Me)2) , with 
the phosphines occupying axial positions in both complexes. 
Attempts to reduce these complexes did not give any products 
reactive towards dinitrogen.
Hydrated vanadium(II) salts (V(H20 ) S O ^ , trans- 
(V(H20)^Cl2) , and (V(H20) g) Br2 , were prepared by electrolytic 
reduction of the corresponding vanadyl solutions for use in 
the preparation of more reactive vanadium(II) complexes.
(V(MeOH)g)Br2 was prepared from the hydrate and used to prepare 
(VBr2 (thf)2) which was used in turn to prepare (VBr2-(dppe) 2) .
The diffuse reflectance spectra and magnetic moments of these 
complexes are consistent with octahedral stereochemistries 
throughout.
The tetrahydrofuran complex is thought to be a bromide- 
bridged polymer and the phosphine complex is thought to be 
trans-(VBr2 (dppe)2). The complexes - (VC12 (thf)4) , (VC12 (dioxan)),
CVBr2 (thf)3 (H20)) and (VBr2 (dppe)) were also prepared but 
further work is needed to characterise them fully.
The reactions of several organohydrazines with 
(VCl^(MeCN)3) and (VCl^Cthf)^) were investigated. Red crystals 
prepared from 1,1-methylphenylhydrazine and (VCl^ (MeCN) 3) 
were found to be (VC12 (H2NNMePh) 2 (NNMePh)) Cl by single crystal 
X-ray structure analysis. The structure is unusual. Four 
complex cations, (VC12 (H2NNMePh)2 (NNMePh))+ and four chlorides 
are held in a tetranuclear cluster by hydrogen bonds. The 
hydrazine ligands are bonded sideways to the metal ( formally 
in oxidation state five ), and from its geometry the NNMePh 
residue is a hydrazide(2-) ligand. In attempts to clarify the 
hydrogen transfer processes involved, reaction mixtures were 
analysed chromatographically. Benzene, aniline and ammonium 
chloride were produced in the reaction of phenylhydrazine with 
(VCl^(MeCN)3) but these were not detected in the 1,1-methyl­
phenylhydrazine reaction mixture. Azobenzene was isolated 
from the reaction between 1,2-diphenylhydrazine and (VCl^fMeCN) 
A hydrazine complex has also been prepared from (VC12 (py)^).
Two complexes of vanadium(III) with 1,2-dimethoxyethane, 
one purple and one green were prepared, (VCl3 (dme)n) ( n = 1.1 
and 1.2 ) and partly characterised. Attempts to prepare 
vanadium(II) complexes from vanadium(III) complexes by 
electrolytic or chemical reduction, and to prepare vanadium(II) 
catecholates, vanadium(II) aryloxides and vanadium(III) 
aryloxides are also described.
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CHAPTER 1
DINITROGEN FIXATION BY 
VANADIUM SYSTEMS IN 
PROTIC MEDIA
The vanadium(II) ion is a powerful reducing agent. The
standard potential for the aqueous system is -0.255 V
at 25°C . The current interest in vanadium(II) compounds
with respect to dinitrogen fixation stems from the discovery
by Shilov and his coworkers of vanadium(II) systems which
(2 )
reduce dinitrogen in protic media .
The original system consisted of heterogeneous alkaline 
gels of VII-Mg11 hydroxides freshly prepared by adding alkali 
to a solution containing a mixture of V C ^  and MgC^.
Hydrazine was detected after dinitrogen had been passed 
through this suspension at room temperature and pressure. At 
increased dinitrogen pressures higher yields of hydrazine 
were obtained. If the ratio of Mg:V is high ( e.g. 20:1 ) 
at elevated dinitrogen pressures ammonia is the principal 
product.
A quantitative study of the inhibition of dinitrogen 
reduction by addition of V111 salts ^  led Shilov to 
propose a mechanism involving bridging dinitrogen and four 
vanadium atoms ( Scheme 1.1 ). Each vanadium atom acts as 
a one-electron reductant and the hydrazine is then reduced 
to ammonia.
Scheme 1.1
2+ 2+ 2+. 4H+ 3+ 3+
2V2 + N2  > (V2 )N2 (V2 ’ -------> 4V (or2V2 ) +
V2+| 
NH3 '
3
On theoretical grounds Shilov considers that reducing d metal
ions would be most reactive towards dinitrogen in these
(4)binuclear systems . Also there is evidence for the 
formation of vanadium(II) dinuclear species in aqueous
solutions. Shilov finds vanadium(III) products the presence 
of which lends further support to this mechanism.
This mechanism is disputed by Schrauzer and his co­
in Scheme 1.2. The dinitrogen is first bound side on to 
vanadium(II) which acts as a two-electron reductant to give 
diazene which can then disproportionate to give dinitrogen 
and hydrazine ( or dinitrogen and dihydrogen ). The hydrazine 
may be reduced further to ammonia.
The observations of Schrauzer which support this 
mechanism are as follows. Hydrazine production is inhibited 
by allylalcohol for the reduction of which dinitrogen is also
( c\
necessary . Carbon monoxide and cyanide ions also inhibit
the system and cis-deuteroethylene is formed from deuteroacety-
(5)lene . Vanadium(IV) is produced in dilute systems and the
rate of hydrazine formation shows dependence upon the square
(7)of dinitrogen pressure . High dilution and pH favour
(8)hydrazine formation over ammonia as might be expected if
this were the mechanism. Also Schrauzer cites kinetic
(5 6)workers , who consider the reduction to occur as shown
' S c h eme' T. 2
wn HO HO
HO HO V 2*
isotope effects reported and contends that the vanadium(III)
products found by Shilov may be attributed to a conproportion- 
(7)ation as shown in Equation 1.1.
V11 + VIV -----> 2V111 (1.1)
(9)
However, Shilov claims that the kinetic isotope effects
contradict the mechanism proposed by Schrauzer. Furthermore,
15he finds no N isotope effect corresponding to the Schrauzer 
mechanism, no vanadium(IV) present, a different dependence of 
hydrazine formation than on the square of dinitrogen pressure, 
and that the reduction of allyl alcohol is independent of and 
competitive with dinitrogen reduction . In short, ample
evidence for direct reduction to hydrazine and no observations 
to support a diazene intermediate.
The V(.OH) 2/.Mg(OH) 2 gel is thought to be a solid solution 
with a similar lattice to Cdl2 , and hydrazine reaches a 
maximum yield when the magnesium to vanadium ratio is in the 
range 1:5-10^^. There is clearly considerable disagreement as 
to the yields and products; these are a function of reaction 
conditions which must therefore be exactly defined. The gels 
apparently age and change their properties which inay explain 
some divergence of observations although altitude of the 
laboratories has been suggested as a reason. Nevertheless, 
it is difficult to understand the large differences in results 
even though these systems are heterogeneous and difficult to 
study. However this is one of the best nitrogen-fixing 
systems known.
There is no dispute about homogeneous vanadium(II) 
systems which reduce dinitrogen to ammonia cleanly and
efficiently. The discovery of these systems was made by
(12)Shilov and his coworkers who found that vanadium(II)
and polyphenols in homogeneous alkaline solutions reduce
(13)dinitrogen to ammonia according to Equation 1.2
6V2+ + 6H20 + N2 — > 6V3+ + 2NH3 + 60H”
(1.2)
Dinitrogen is reduced over a very restricted pH range
(8.5 - 13.5) and the reaction is best at pH 1 0 ^ 2  ^. ResorcYnal
(14)and hydroquinone are inactive. It has been shown that
the stoicheiometry is better represented by Equation 1.3.
This is very similar to the accepted equation describing the
stoicheiometry of fixation by nitrogenase and has led to
comparisons of the V(II)/catechol system with the active
(15)
centre of the enzyme
8V2 + + 8H+ + N2 --> 8V3+ + 2NH3 + H2
(1.3)
The conversion to ammonia is 55% at a dinitrogen pressure 
of 0.8 atmospheres for methanol solutions of V(II)/catechol, 
but in aqueous solution a much higher dinitrogen pressure 
(100 atmospheres) must be employed to obtain a similar 
conversion (65%). The ammonia yields increase with pressure 
of dinitrogen but never exceed 75% of the reducing ability of 
the system. When no dinitrogen is present V(II) is oxidised 
and the solvent is reduced with evolution of dihydrogen. Cis 
deuteroethylene is produced from deuteroacetylene, and carbon 
monoxide inhibits the system.
If a reacting solution is acid-quenched then a small 
amount of hydrazine is formed, possibly from an intermediate
reduction product. The rate of ammonia formation is linear 
in dinitrogen pressure and depends on the square of vanadium 
concentration, but the rate is also a function of dioxygen 
pressure, metal contaminants etc.. The mechanism was believed 
to follow a similar pattern to the heterogeneous system 
( scheme 1.1 ) with dinitrogen bound between two dinuclear 
pairs of vanadium(II) ions d ^ f16) recent results,
discussed below, allow this earlier picture to be modified.
At least four vanadium(II) species have been identified
(17)in methanolic/aqueous solutions of V C ^  and catechol 
One species was isolated as a powder which was identified as 
Na2 (V(CgH^02)2)•2H2O by Na, V, C, and H analysis. The other 
three species each contained three vanadium(II) ions on the 
basis of E.P.R. evidence. One of the compounds is cyclic and 
another is open chain. The open chain species reaches a 
maximum concentration when nitrogen fixation is fastest and so 
is thought to bind dinitrogen as shown in Figure 1.1
FIGURE 1.1
This helps modify the earlier picture to the sequence of 
reactions shown in Scheme 1.3.
Scheme 1.3
2 +
2+ v 2+v <v3 1 3+
(y- ) + N9 ^ = = ( V -  'ft!,,-- > (4V ...N0 )
3+
6V
4-
'2
2+
2V
W- 2NH.
2 +
+ V,
•ys 3+ 
H2 + 2V
Confirmation of the ability of vanadium(II) to fix 
dinitrogen is provided by independent observations of nitrogen
reduction by dicarboxylato-vanadium(II) complexes 
proposed intermediate is shown in Figure 1.2
(18) The
Figure 1.2
n = 5 or 6
/ 0  ov
V— N = N — V - ; C
N o o
 (CH2)n-
The reduction is represented in Equation 1.6 although 
the system is not very effective ( yield of hydrazine - 0 .01% 
based on vanadium ) Equation 1.6.
2+ , 3+ +
4 V + Nn + 5H *---> 4V + N0HC (1.6)Z Z D
Therefore it would seem that dinitrogen reduction by 
vanadium(II) can only occur with certain complexes which have 
highly specific requirements of geometry and pH. Further 
details can be found in a recent review by Henderson, Leigh
(19)and Pickett . It should be noted that none of the above
interpretations are backed by isolation of complexes. No 
complexes of dinitrogen and vanadium have yet been isolated 
except in an argon matrix .
CHAPTER 2
THE COORDINATION COMPOUNDS OF 
VANADIUM(II) AND VANADIUM(III)
The general coordination chemistry of V11 is not well
understood, and at one time it was thought that complexes of
IIv could not be isolated because of their high sensitivity
(22) IIItoward oxidation by air . Complexes of V have been
studied to a greater degree, although these complexes are
subject to aerial oxidation and non-aquo complexes are
moisture sensitive Therefore, complexes of V11 and
must be prepared and stored under inert gas or in vacuum.
The experimental difficulties encountered in making the
complexes explains, in part, why relatively little work has
been done in this field.
This literature survey is mainly concerned with the 
chemistry of mononuclear complexes of V11 and V111. Binuclear 
and polynuclear complexes are also discussed, but carbonyl 
and organovanadium compounds have been omitted. Kinetic 
studies haye not been included except where reference has been 
made to the structures of complexes present.
IllComplexes of V occur with a wide variety of co­
ordination numbers (. 3 - 7 ) and geometries (Table 2.1).
This constrasts with the coordination compounds of V 11, all of
which have octahedral geometry because of the large C.F.S.E.
3 (2 3 ( } )for the d ion in an octahedral field . However,
octahedral geometry is the most common Stereochemistry of
IIIV complexes also. The complexes have been categorised 
according to coordination number and geometry :
Pentagonal bipyramidal complexes of vanadium(III)
The structure of the heptacyanovanadate(III) ion,
4-C_¥(.CN) has been shown to be a pentagonal bipyramid from
an X-ray crystallographic study of (ytCNl j) . 2 ^ 0  ^5)^
TABLE 2. 1
Coordination numbers and geometries found in complexes of
VII and VIII
Oxidation
state
Coordination
number
Geometry Example Ref.
v11^ 3 6 Octahedral (v(h2o) 6)x2
(X=Br,1)
24
vXII,d2 7 Pentagonal
bipyramidal
k4(v(cn)?). 
2H20
25
6 Octahedral (V(acac) 27
5 Trigonal
bipyramidal
(vCl3 (NMe3) 2) 28
4 Tetrahedral (v(py) 4)-
(NCS) 3
29
3 Planar V(N(SiMe3) 2)3 30
This complex was prepared by the action of HC1 on VCl^ in 
the presence of KCN . The ion has near perfect
symmetry, and its properties in aqueous solutions of NaCN 
were investigated using E.S.R. measurements. There is an 
equilibrium between the ion and a purple material of unknown 
constitution in solution ( Scheme 2.1 ) ) the purple material 
disproportionated irreversibly to V11 and VIV species.
Scheme 2.1
(V(CN)7)4 • N purple material + CN
v
(VO(CN)5)3" + (V(CN)6)4” + CN_
3-
Prior to this work V(CN)g was the accepted ion in solution
IIIHowever, another cyanide complex of V has been described
as (V(CN) g) . 3H20.0.15KCN and its electronic spectrum
(32)interpreted in terms of an octahedral structure
The only other complex which contains seven coordinate \
(33)atoms is the binuclear complex (enH2) (V(OEtedta)]2.2'HjO
IIIIn the anion, each V atom has a distorted pentagonal 
bipyramidal configuration ( Figure 2.1 ). The bridging atoms
are the alkoxy oxygens from the (Ottedta)4 ligands. The
o
V-V distance (3.296 A) and the angles of the core
A O
(V-O-V = 72 ) suggest there is very little strain present.
(31)
III
FIGURE 2.1
0
VI V 2
0
Octahedral complexes of Vanadium(II) and Vanadium (III)
All V11 complexes so far characterised have octahedral 
sterochemistry with the possible exception of vanadium complexes
with bidentate sulphur ligands in which the oxidation state
rans 
(35)
(34)of the metal is difficult to assign . Divalent t ition
metal ion complexes with bis(1-pyrazolyl)borohydride 
(I^Bfpz^) have the general formula M(H2B(pz)2)2 which are 
either planar ( M = Cr, Ni or Cu ) or tetrahedral ( M = Mn,
Fe, Co or Zn ). However, V11 forms an octahedral complex,
(V ^ B t p z ^ ) ^  . Several factors were thought to account 
for this, among them the size of the V11 ion, the flexibility 
of the ligand and the high C.F.S.E. associated with the
3
octahedral d configuration. Further evidence of the stability
of V11 in a octahedral field was demonstrated by a structural
analysis of (V(thf) (V(CO)  ^ (36) was thought to
contain two independent (V(CO)g) anions. However, X-ray
IIstructure analysis showed the V was surrounded by a planar 
array of the thf molecules with the axial positions of the 
octahedron occupied by oxygen atoms from the two anions. This 
is the first example of a linear carbonyl bridge. There is
Illalso a large number of octahedral V complexes. In many
of the earlier studies the complexes obtained were not fully
characterised and so reformulation, following later
investigations, has been a common occurrence # jt
IIIshould also be noted that for many octahedral V complexes 
it has been found necessary to take account of the effects of 
trigonal distortion ( 0^ -+■ ) when interpreting electronic
spectra.
II IIIThe cationic, octahedral complexes of V and V 
reported in the literature are given in Tables 2.2 and 2.3, 
respectively.
The cationic complexes of V11 have the general formulae
2 + 2+ 2+(VLg) , (VB^) or (V^) depending on whether the ligand
is monodentate (L), bidentate (B) or tridentate (T). The only
exceptions to this are complexes of the type (VI^C^X ( R =
H2CPZ2 , X = BPh^; R = H2Cdmpz2/ X = BPh^,PFg ) thought to be
(35) (59)polymers , and (V(Nmiz) ,_Br) Br the only complex known
with a unipositive mononuclear V*1 cation.
The earliest structural study was carried out on
(nh^VCI^O) g) (SO^) 2 and it was shown that V11 is surrounded
by six water molecules in a regular, VO^ octahedron. Recently
the binuclear cations ( ^ ( y - C l ( R = thf or
(54)PMe^ ) were investigated by X-ray techniques. The
cations were shown to be confacial bioctahedra with a ' facial 1
disposition of ligands around each of the vanadium atoms which
share a common Ci^ face. The magnetic moment of (^(y-Cl)^-
(thf) g)AlCl2Et2 (3.38 yB) is 2.39 yB per metal ion, well
3
below the spin-only value for independent d ions and so 
indicates strong anti ferromagnetic coupling in this complex.
The magnetic moment found for the trimethylphosphine complex
is higher (3.73 and so there is less antiferromagnetic
coupling which is consistent with the longer V-V distance
found compared to the tetrahydrofuran complex. The other V11
complexes of this type are magnetically dilute, except for
135)
(V(H2CPZ2)2C1) w h i c h  was thought to be a chloro- 
bridged polymer and so antiferromagnetic behaviour may be 
expected.
The other complexes investigated by X-ray structural
analysis ( Table 2.2 ) have near perfect octahedral symmetry 
IIabout the V ion.
3+ 3+Vanadium(III) cations of the type (VL^) and (VB^)
.f
are not very common but unipositive cations (V^L^) and
.j-
(YX2B2) ( X = negatively charged monodentate ligand ) are
also formed ( Table 2.3 ). Solvolysis of aramine and amine
. . ■ . . (81,82,107)complexes to give amides is important '
The structure of Cs^ (^O) Cl^ was solved by X-ray
diffraction methods m The low temperature polarised
absorption spectra of this complex, of Eb^ [yc^ C^O) Cl^ 
and of CS2 (VBr2 (H2O) Br^ were interpreted in terms of 
symmetry which is the symmetry of the trans- (VX^ (l^O) +
chromophore found in the compounds. The mixed-metal salt 
(VC12 (thf)4)(ZnCl3thf) was shown to contain trans- (VC^ (thf) ^ ) + 
and the structure of a derived complex (VCI2 (thf)2 (H2°) 2) ” 
(ZnCl^thf) has been solved by X-ray analysis . This
material contains the trans isomer also. However, the 
stereochemistries of other unipositive cations are not certain.
3+The only cation of the type (VL^) to have its structure
3+solved is (V(urea)g) . This was found to be octahedral with
(47)
a slight ' twist 1 distortion along the three-fold axis
TABLE 2.2
Cationic Vanadium(II) Complexes
(1) (2) (3)
Complex ye/yB References
-300 K -80 K
(V(H20)6)S04 3.74 3.73 37
a2 (v(h20)6) (S04)
A = NH4 3.76 3.72 37,38+
K 3.76 3.71 37
Rb 3.78 3.74 37
Cs 3.78 3.74 37
(V(H2°)6)X2
1—1 
oIIXI - - 39
Br 3.85 3. 78 24m ,39
I 3. 81 3. 78 24
I 3.90 3.85 42
A(V(H20)6)C13
A = NH4 3.82 3. 76 40
Rb 3.86 3.83 40
(V(MeOH)6)X2
X = Cl - - 5 4+
Br 3.98 3.97 42
I 3.89 3.83 42
I 3.82 3.81 43
(V(.EtOH)6)Br2 3. 80 3.78 43
(V(dmso) 6) (BF4) 2 - - 45
Cv(nh3)6)ci2 - - 50,53
(v(nh3)5<4ci1-9.) 3.70 52
TABLE 2.2 Continued
Cationic Vanadium(II) Complexes
(2)
(3)
Complex ve/vB References
^300 K -80 K
Cv(bipy)3)I2 - - 50,60
(V(phen) 3) X2. 41^0
X = Cl 3.82 3.72 56
Br 3.79 3.71 56
(V{phen)3)X2
X = I - - 60
cio4 - - 61
(V(phen)3)S04 - - 62
(V(5,5'-Me2bipy)3)(C104)2 - - 68
(V(4 ,4*-Me2bipy) 3) (C104)2 - - 68
(V(tripy) 2) I2 3.71 - 64^,65
(V(pz)6)X2
X = I 3.91 - 57
I 3.78 3. 86 43
(V(iz)6)X2
X = Cl 3.82 - 57
Cl 3.77 3. 80 43
Cl 3.77 - 67
Br 3.86 - 57
Br 3.75 3. 79 43
I 3.87 - 57
I 3.77 3.78 43
TABLE 2.2 Continued
Cationic Vanadium(II) Complexes
(1) (2) (3)
Complex ve/lJB References
~300 "K -80 K
(V(NH3)6)Br2 3.88 3.76 51
(v(nh3)6)(v(co)6)2 - - 71
(V(NH2Me)6)Cl2 3.78 - 66
(V(en)3)Cl2 ,H20 3.84 3.82 56m ,58
(V(en)3)X2
X = Br 3.78 3.79 56m ,58
I 3.81 3.82 56m /58
(V(apda) 3)X2 ,H20
X = Cl 3.73 3.73 56
Br 3.84 3.84 56
I 3.72 3.60 56
(V(3pda) 3)X2
X = Cl 3.79 3.72 56
Br 3.66 3.63 56
(V(8pda)3)I2 /H20 3.91 3.83 56
(V(dien)2^X2
IX it o 3.83 3.73 56
Br 3.86 3.85 56
I 3.85 3.84 56
(V(amq) 3) I2. 2H20 3.80 3.71 56
(V(bipy) 3)X2- 3H20
X = Cl 3.79 3.76 56
Br 3.81 3.80 56 -
I 3.78 3.78 56
TABLE 2.2 Continued
Cationic Vanadium(II) Complexes
(1) (?) (3)
Complex V ’-'b References
-300 K ^80 K
(V(Nmiz)6)X2
X = I 3.86 59m ,57
BPh4 3.85 59
(V(Nmiz) ^ Br) Br 3.73 59
(V(Nmiz) g) X2. 2n-BuOH
X = Cl 3.81 59
Br 3.81 59
(V(2miz)6)X2
X = Br 3.84 3.87 43
I 3.77 43
(V(H2Cpz) 3) (BPh4)2 3.83 35
(V(H2Cpz2)2Cl) BPh4 3.11 1.80 35
(V(H2Cdmpz2) 2C1)X
X = BPh4 3.82 3.80 35
PF D^ 3.83 3.82
35
(V(HCpz3)2)X2
X = Br 3.83 35
PP6
3.81 35
(V(HCpz3)2)2 (V(NCS)6) 3.80 35
(V(MeCN) g) (ZnCl4) - 69 +
(V(thf) CV(CO) g)2 - 36 +
(V(t-BuCN)g)(V(CO)g)2 - 70+
(y(dppe) 3) (V(CO) g)2 - 72
(V2 (p-CL) 3 (thf) g) 2 (ZnClg) - —  — 73 ,74+ ,97
TABLE 2.2 Continued
Cationic Vanadium(II) Complexes
(1) (?) (3)
Complex V UB References
-300 K ~80 K
(V2 (y-Cl) 3 (thf) 6) (BPh4) - 74
(v2 (y-ci)3 (thf)6) (ai2ci2r2)
R = Me - - 54
Et 3.38 54
(V2 (p-Cl)3 (PMe3)6) (AXCl2Et2) 3.73 54+
+ reference for structural analyses 
m reference for ye
TABLE 2.3
.Cationic Vanadium (III) Complexes
(1) (2) (?)
Complex ye/pB References
~300 K ~80 K
(v(h20)6)ci3 2.79 2.67 41
NH4 (V(H20) g) (S04) 2 . 6H20 2. 80 - 86
(C(NH2)3) (V(H20)g) (so4)2 2.80 2.74 41
A 3(VC12 (H20) 4)C14
A = Rb - - 98
Cs+ - - 98
Cs2 (VBr2 (H20) 4)Br3 - - 98
(VC12 (ROH) J Cl
R = Me 2.73 2.54 44m ,U7
n-Pr 2.81 2.56 44
i-Pr 2.71 2.50 44m , 117
s-Bu 2.70 2.42 44
c-hex 2.85 2.09 44
(VBr2 (i-PrOH) 4)Br 2.67 2.45 44
CV (dmso) 6) (C104) ^ - - 46
(v2 (dmso) 12) (S20y) 3 - - 77
(v(4-R-py-N-oxide)g)(C104)^ -
R = MeO 2.71 - 48
Cl 2.54 - 48
(v(dmf)g ) ( B r ^ ) 3 d m f - 49
Cv(urea)g)x3
X = Br 2.75 2.68 41
I 2.82 - 47+
cio4 2.71 2.67 103in,131
TABLE 2.3 Continued
Cationic Vanadium(III) Complexes
U) (?) (3)
Complex References
-300 K -80 K
(V(urea) g)Br^. 3H20 - 55
(V(NH 3)6)X3
X = Cl - 80,81
Br ■ -  - 80,82
(v c k n h 2) (n h 3) 4)ci 2.78 81
(V(NH2) (NH'3) 5)Br2 - 82
(V(en) 3)C13 2.79 96m ,63
(V(en)3)Cl3 2.92 2.83 103
(V(apda) 3) Cl3 2.80 96
(VX2 (bipy) 2)X
X = Cl - 78
Br - 78
(VX2 (phen) 2)X
X = Cl - 78
Br -  - 78
(VBr2 (bipy)2)BrfMeCN - 78
(VCl2 (phen)2)SCN - 78
CV(SCN)2 (bipy)2)SCN - 78
(V(phen)3)(SeCN)3 - 79
(V(bipy)3)(SeCN)3 - 79
(V(.py)6) (SeCN) 3 - 79
(VBr2 (MeCN) 4) (Br3) 2.65 83
(V(MeCN)6)(I3)3 —  — 83
TABLE 2.3 Continued
Cationic Vanadium(III) Complexes
(1) (2) (3)
Complex ye/lJB References
-300 K -80 K
(VC12 (thf) 4) (ZnCl3 (thf) ) - - 84
(VC12 (thf) 2 (H20) 2) (ZnCl3 (thf) ) - - 84+
(V(salophen)(thf)2)2 (ZnCl4) 2.62 85
(V(salophen)(py)2)(ZnCl3 (py)) 2.30 - 85
(V(salen)(py)2)(ZnCl3 (py)) 2.18 - 85+
(V(sal-NMePr) (thf)) (BPh4) 2.79 - 85
(V(MeCN)6)2 (SnCl6)3 — - 21(b),87
+ reference for structural analysis 
in reference for ye
IllSeveral V - Schiff's base complexes are known and 
recently the structure of (V(salen)(py)2)(ZnCl^py) was solved.
The pyridines in the cation were found to be trans to each 
other with salen in the equatorial plane. This complex and 
all the other complexes for which magnetic moments have been 
measured ( Table 2.3 ) are magnetically dilute.
The neutral, octahedral complexes of V11 and V111 
reported in the literature are given in Tables 2.4 and 2.5 
respectively.
IIThe neutral, octahedral complexes of V fall into two 
distinct categories. There are complexes of the type (VX2L4) , 
(VX2B2) and (VX2F) ( F = a tetradentate ligand ) which are 
mononuclear, magnetically dilute compounds and (V^I^) which 
have tetragonal structures with bridging halogen atoms and 
exhibit antiferromagnetic behaviour.
Hydrates and alcoholates of the type (V^L^) (24,43(b))
have trans structures and their electronic spectra show the 
effects of tetragonal distortion. This is consistent with 
the trans structures found in (VC^Cpy)^) , {yci^ (dmpe)
and (V(PPhMe2) 2 (°eP) ) • However the amine-thiocyanates,
(VI^CNCS^) ( B = bipy or phen ) were found to be the cis-N- 
bonded isomers whereas (VL^ (.NCS) 2) ( L = py, 3-Mepy or 4-Mepy ) 
are trans-N-bonded isomers .
The only other complexes to have their structures solved 
by single crystal X-ray analysis are the mixed metal salts, 
((.thf)4V(y-Cl) ZnCl2) (?5) and { (Ph3P) (Cl) Zn (y-Cl) 2 )2V(.thf) 2 {16) . 
In the former the two bridging chlorines are at right angles 
so this may be deemed a cis isomer but in the latter complex
.TABLE 2. 4
^Neutral Vanadium(II) Complexes
(1) (2 ) (3)
.Complex v B/vB References
~300 K - 8 0  K
( v x 2 (h2o)4)
X = F - 12 8
Cl 3.91 3.82 24
Cl 3.86 3.83 42
Br 3 .91 3.85 24
Br 3.88 3. 80 42
I 3.82 3.74 24
(vx2 (H20 ) 2)
X = Cl 3.16 2.18 24
Cl 3.24 2.09 42
Br 3.39 2.44 24
(VC12 (EtOH)4) 3.68 3.56 43(b)
CVC12 (EtOH)2) 3.33 2 .61 43(b)
(VX2 (MeOH)4)
j
X = Cl 3.91 3.75 42in/ 54 :
Br 3.76 3.62 42
I 3.83 3.64 42
(VX2 (MeOH)2)
X = Cl 3.24 2.59 42
Br 3.36 2 .80 42
(VC12 (dioxan) 2) 3.56 3.22 88
(VCl2 (thf)2) 3.23 2.58 88
- *
TABLE 2.4 Continued
Neutral Vanadium(II) Complexes
(1) (?) (3)
Complex pe/lJB References
r300 K -80 K
(VX2 (py)4)
X = Cl 3.88 3.83 88ra,92+
Cl 3.85 3.73 56m ,92+
Br 3.92 3.75 56
I 3.89 3.82 56
(VX2 (py)4).2H20
X = Br 3.91 3.87 56
I 3.86 3.79 56
(VCl2 (py)2) 3.25 2.64 88
(V(pz)4X2)
X = Cl 3.71 3. 72 43(b)
Cl 3.84 - 57
Cl 3.66 - 67
Br 3.82 3. 80 43(b)
Br 3.86 - 57
(V(.2miz) 4C12) 3.62 3.62 43(b)
(V(biz)4X2),2EtOH
X = Br 3.66 3.65 43(b)
I 3.58 3. 49 43(b)
(V (biz)4Br2) 3.75 - 59
(V(biz) 2Cl2) .0.5n-Bu0H 2.41 1.25 59
TjffiLE' 2.4 Continued
Neutral Vanadium(II) Complexes
—  — ». — ■ '.... . - - - . - ..
Cl) (2) (3)
Complex References
■?300’K ~80 K
C.V(iq)4X2)
X = Cl 3.69 3.68 43(b)
Br 3.71 3.72 43(b)
I 3.76 3. 78 43(b)
(V(Nmiz) 4X2)
X = NCS 3.84 - 59
Cl 3. 86 - 59
(V(dmiz) 4X2)
X = NCS 3.81 - 59
Cl 3.87 - 59
Br 3.90 - 59
(vl4 (ncs)2)
L = py 3.83 3. 86 89
4-Mepy 3.70 3.67 89
3-Mepy 3.82 3.79 89
CNpy 3.82 3.69 89
(V(bipy)2 (NCS)2 ).H20 3.86 3.75 89
C V(phen)2 (NCS)2 ) 3.72 3.63 89
(v( y-pic) 4x2)
X = Cl 3.77 3.72 56
I 3.94 3.85 56
TABLE 2.4 Continued
Neutral Vanadium(II) Complexes
(.D (2) (3)
Comp lex ye ^ B References
-300 K -80 K
(V( 3-pic)4X2)
X = Cl 3.91 3.86 56
Br 3.84 3.78 56
(V(Y-pic) 4Br2) .H20 3. 87 3.82 56
(V(B-pic) 4I2) .3H20 3.90 3. 85 56
(VL2Br2)
L = 3-pic 3.41 2.28 56
Y-pic 3. 46 2.33 56
(V(amg) 2^ )  .2H20
X = Cl 3.90 3.75 56
Br 3. 84 3. 82 56
(V(H2Cpz2)2X2)
X = Cl 3.78 - 35
Br 3. 83 - 35
I 3.80 - 35
NCS 3.81 - 35
(V(H2Cdmpz2)2X2)
X = Br 3. 80 - 35
NCS 3.79 - 35
V ( Me^ (.14) aneN^) X2
X = Cl 3. 71 - 93
Br 3.86 - 93
I 3. 74 — 93
TABLE 2.4 Continued
Neutral Vanadium(II) Complexes
(1) (2) (3)
Complex References
-300 K -80 K
V(Me2 (14) aneN^) 3.73 93
(VB'(py)2)
B' = acac - 90
tfac 90
dbme - 90
(VCl2 (MeCN) 4) 3.82 3.81 88
(VCl2 (MeCN)2) - 91
(VBr2 (MeCN) ) - 91
(V(PPhMe2) 2 (°eP) ) - 94+
((thf) 4V(y-Cl)2ZnCl2) - 75+
( (Ph3P) (Cl) Zn (y-Cl2) 2) 2V(thf) 2 -  - 76+
(VC12 (dmpe) 2) 3.7 95+
+ reference for structural analyses 
m reference for
TABLE 2.5
Neutral Vanadium(III) Complexes
(1) (2) (3)
Complex Pe ^ B References
-300 K -80 K
(vci3(roh)3)
R = Et 2.73 2.52 41m ,117
n-Bu 2.77 2.45 41
i-Bu 2.86 1. 81 41
s-Bu 2.71 2.30 41
(VCl3 (thf) 3) 2. 80 - 99m /100/
73+
(VCl3 (thf)3) 2.75 2.50 103m ,100,
73+
(VX3 (MeCN) 3)
X = Cl 2.75 - 101m ,102, 
12 4
Br 2.56 - 101
(VX3(EtCN)3)
X = Cl 2.59 - 101
Cl 2.71 2.60 103
Br 2.50 ■ - 101
(vCl3 (MeCN) 3) . 0. 3MeCN 2.79 2.63 103
(vCl3 (py)3) 2.7 - 21(c) ,78, 
104
(VBr3 (py)3) - - 78,104
(v(ncs)3l3)
L = thf 2.56 - 104
py - - 105
6-pic - - 105
y-pic - - - 105
TABLE 2.5 Continued
Neutral Vanadium(III) Complexes
(1) (2) (3)
Complex ye/yB References
-300 K -80 K
(V(NCS)3L3)
L = 3,4-lut - 105
i-chin - 105
3,5-lut - 105
CV(NCS)3 (MeCN)3) .2MeCN 2.31 104
(V(NCS)3 (py)2L)
L = MeCN 2.46 104
thf - 104
(V(NCS)3 (i-chin)2MeCN) 104
(V(NCS)3 (MeOH)2L)
L = Et3N - 105
aniline - 105
pip - 105
i-chin - 105
Et2PhP - 105
Me3P 105
Et3P - 105
n-Pr3P - 105
n-Bu3p - 105
0.5depe - 105
(VC13 (hmpa) 3) - 106
VC12 (NHMe) (NH2Me) 5 2. 70 107
VC12 (NHEt)(NH2Et)3 2.74 107
TABLE 2.5 Continued
Neutral Vanadium(III) Complexes
f
(1) (2) (3)
Complex V e ^ B References
~300 K -80 K
(vci3l4)
L = NH2n-Pr 2 . 70 - 107
NH2II-BU ' 2.52 - 107
(VC13L3)
L = NH-n-Bu 2.60 - 107
NP^S-BU - - 107
Nl^n-Pent 2.65 - 107
(VC12 (NEt2)NHEt2) 2.79 - 107
(VC12 (NMe2)NHMe2) 2.79 - 107
Cv b -3)
B' = acac 2. 80 - 86™,108, 
109'+
acac 2.87 2.78 I03m ,108, 
109 +
tf ac 2.78 - . 86,108
mmm - - 108
mmh - - 108
mnh - - 108
bac 2.IQ 2.68 103
dbme 2.84 2.78 103
amg 2.77 2.71 103
acSac -2.1 - 110
SacSac 2.79 2. 77 110
TABLE 2.5 Continued
Neutral Vanadium(III) Complexes
(1) (Z) (a)
Complex ve/vH-
References
~300 K -80 K
(V S2P(OEt)2)3 -  - 111
(V (3,5-dbsq)3) - 112
( v c i 3(v-tas)) 2.70 113
(vci3 (o-tas)) 2.81 113
(v(ooch3)3.hcooh) 2.70 114
Cv (n c s )3) - 115
(V P(c-hex)2)3 1.0 116
(v(OEt)3) - 117
(V(OMe)3) 1.79 117,12 3m
(v(OMe)2Cl) 2.09 1.56 123
(v(acacen) (Cl) (thf)) - 118
(V(sal-NBuPr) Cl) 2.50 119
(v(sal-PBuPr) Cl) 2.55 119
(v(salophen)(Cl)(thf)) 2.74 12 0+
(V(salen) Cl)2 2.73 120
(v(sal-NMePr) Cl) 2.65 12 0+
(v(salen) (Cl) (py) ) -  . - 121
CvCl2 (thf)2B')
B' = acac 2 .6-
2.7
122
dbme 2.6-
2.7
122
d-t-Bume 2 .6-
2.7
122
+ reference for structural analysis, m reference for
the thf groups are trans to one another.
IllThe majority of neutral, V complexes may be placed in 
two different groups. There are complexes of the type 
(VX^L^) and (VX2L2L 1) formed with monodentate ligands, and 
with bidentate, electronegative ligands, such as acac, (VB'^) 
complexes are formed. Only a few complexes containing all 
of the above types of ligand have been prepared, e.g.
(VCI2 (thf) ' )  ( B 1 = acac, dbme , or d-t-Bume ) (122)^ T^e
Schiff's-base complexes cannot be classified in this way and 
the stereochemistries and formulations of the organoamine 
(amide) complexes are not known The ( ^ 3) and (VX^X'.)
types of complex are thought to be polymers and the paramagneti 
behaviour of (VCOMe^Cl) has been interpreted in terms of
spin interaction between metal ions within a polymeric
1 . (123)cluster
The acetonitrile complex ( VCl^(MeCN)has a far-infrared
io th 
(113)
spectrum corresponding to the facial isomer as d e
tri-arsine complexes (VCl^(a-TAS)) and (VCl^(v-TAS))
These results are consistent with the facial structure found
(73)in (VCl^Cthf)^) and so far no meridional isomer has been
fully characterised.
The ( V(acac )complex was found to exist in two different 
crystallographic forms corresponding to the two enantiomers 
expected for octahedral complexes of the type, (VB^1).
The structure of a complex containing a pentadentate
Schiff's base, (V^sal-NMePr) (Cl) ) was recently solved .
This was shown to be octahedral with a different conformation 
to that reported for similar complexes. In (V(salophen)(Cl)- 
(thf)) the thf and Cl ligands are trans to each other
with salophen in the equatorial positions .
There are few anionic, octahedral complexes of V11 which 
have been characterised ( Table 2.6 ). The anhydrous chlorides, 
AVCI3 ( A = NMe4 or Rb ) are antiferromagnetic whereas the 
hydrated complexes NH4(VC13 (H20)3) and Cs(VC14(H20)2) are 
magnetically dilute . The infrared spectra of the
thiocyanates show the ligand is bonded via the nitrogen atom
(125,126) m  every case .
The anionic complexes of V111 found in the literature are
given in Table 2.7. The crystal structure of the high
temperature 3“phase of Li3VF^ has been determined and found
(12 7)to represent a new structural type . The vanadium atoms
are in octahedral environments with 7/9 of the lithium atoms
occupying octahedral sites and the remaining lithium atoms
occupy distorted tetrahedral sites forming binuclear {Li2Fg}
groups. A three-dimensional network is formed similar to
those in some heteropolyanions. This is the only structure
II IIIso far solved for anionic V or V complexes.
The thiocyanate and selenocyanate ligands are
coordinated via their nitrogen atoms according to the bands 
observed in their infrared spectra. No antiferromagnetic 
behaviour has been found in these complexes.
Generally the octahedral complexes of V11 and V111 
coordinate with similar ligands.
Trigonal bipyramidal complexes of Vanadium(III)
Trigonal bipyramidal complexes of the type VX3L2 have 
been prepared where L i s  aN ,  S, P, o r O  donor ligand ( Table 
2.8 ). The structure of VCl3 (NMe3)2 has been solved (2 8)^
TABLE 2.6
Anionic Vanadium(II) Complexes
(1) (2) (3)
Complex V PB References
-«*
-300 K -.80 K
avci3
A = NMe„ 4 2.28 1.23 40m ,129
Rb 2.05 1.2 8 40
Cs 1.75 0.98 129
Cs2VCl4 - 40
CsVC13 (H20) 2 3.86 128
nh4(vci3 (h2o)3) 3.81 3.58 40
Cs2 GVC14 (H20)2) 3.80 3.75 40
K 4 (V(CN)6).3H20 - - 130
K 4(V(NCS) 6) .EtOH 3.83 125
A 4(V(NCS)g).H20
A = NMe4 3.86 126
NEt4 3.84 126
Hhex 4.25 126
(Hpy)4(V(NCS)6) 3.76 126
m reference for
TABLE 2.7
Anionic Vanadium(III) Complexes
(1) (2) (3)
Complex Ue ^ B References
-300 K ?80=K
k _(v f J3 6 2.79
— 139
Li3CvV - - 12 7+
«NH4)3(VP6? 2.65 2.34 103
K2(vF5 (H20)) 2. 72 2.50 103
CsCvF4 (H2O)20 2.76 2.70 103
A 3(v(C204)3) ,3H20
A = K 2. 80 2.75 103
K 2.80 - 86
Cs 2.81 2. 73 103
A3{V(CH2(C2°4)2)3}
A = K 2.77 2.60 103
K 2.78 - 86
K3(v(NCS)g).4H20 2.66 2.30 103m 7104
(n-Bu.N) 0(v(NCS) J  4 3 6
- - 131
A-, (v(NCS) r)-.2MeCN3 D
A = K 2.50 - 104
pyR 2.49 - 104
Me3H - - 104
Ph3MeAs - 104
ph3p - - 104
K~ (v(NCSe)c).7dioxan3 b
- - 79
Table 2.7 Continued
Anionic Vanadium(III) Complexes
(1) (2) (3)
Complex V “b References
^300 K *80 K
A 3(V(NCSe)6)
A = Me .N - 79
Et4N - 79
n-Bu^N - 131
A(V(NCS)4 (py)2)
A = py2H - 105
pyH - 105,104
Ph4P - 105
A(V(NCS) 4 (3-pic) 2)
A = (3-pic) 2H - 105
Ph4P - 105
A(V(NCS) 4 (Y-pic)2)
A = (Y-pic) 2H - 105
Ph4P - 105
(3,4-lut)2H(V(NCS)4 (3,4-lut)2) - 105
(3,5-lut)2H(V(NCS)4 (3,5-lut)2) - 105
(bipy)H(V(NCS)4 (bipy)) - 105
NH3n-Bu(VCl3 (NHn-Bu)(bipy)) - 78
A(VX4(MeCN) 2)
A = Et4N i
00CM21 132
MePh3As -2. 8 132
Ph4As i
00•CN21 132
TABLE 2.7 Continued
Anionic Vanadium(III) Complexes
(1) (2) (3)
Complex >±e/|JB References
-300 K -80 K
Et4N(VCl4 (py)2) -2.8 - 132
Et4N(VCl4B)
B = bipy -2.8 132
phen -2 . 8 132
+ reference for structural analysis
TABLE 2.8
Trigonal bipyramidal Vanadium(III) complexes
Complex TJe/pB (RT)
™" - ........ - . ......
References
VCl3(NMe3)2 2.69 132/133m /28+ /134,136
VBr3 (NMe3) 2 - 132,133,134
VCl3 (SMe2)2 2.54 132m ,133
VCl3(SEt2)2 2.50 132
VCl3 (C4HgS)2 2.60 133
VBr3 (SMe2)2 2.63 133
VBr3 (C4H8S)2 2.55 133
VCl3 (PEt3)2 2. 83 135
VCl3(OPn-Pr3)2 2.61 135
VCl3(OPPh3)2 2.61 135
VC13 (OPc-hex3)2 135
VCl3(OPEt3)2 - 135
+ reference for structural analysis 
m reference for ue
The NJMe^ ligands occupy the axial positions of a trigonal
bipyramid. The electronic spectrum of this complex has been
IIIfound to be very different from those of octahedral V 
complexes . Complexes of aliphatic phosphines and
phosphine oxides also appear to have this stereochemistry 
However, cycloaliphatic and aromatic phosphines appear to 
react with vanadium(III) chloride only in melts to give 
mixtures of the five coordinate monomer and the dimer (VCl^PR^)
Tetrahedral complexes of Vanadium(III)
Anionic complexes of the type, R(VX^) ( X = Cl, R = Ph^As
(137)or Ph^MeAs; X = Br, R = Et^N ) have been prepared . They
are magnetically dilute ( P-2.8VU ) and their diffusea
reflectance spectra have been interpreted in terms of tetra­
hedral symmetry for the (VX^) anion (21(d)) ^ Complexes of 
the type (V(amine)(NCS)^ have been prepared (29,105)^
These are thought to be tetrahedral but are unstable and 
yield stable octahedral complexes by liberation of amine or 
rearrangement (105) .
IllThe only other four coordinate complexes of V found
in the literature were y(dbme) (NtSiMe^) 3) 2 V(d-t-Bume)-
(122)(NCSiMe^^) the stereochemistries of which are unknown
Trigonal complexes of yanadium(III)
The V(N (SiMe^) 2^3 complex has been prepared and
shown to be is amorphous with the chromium(III) analogue which 
has a planar trigonal structure (-^8)^
CHAPTER 3
VANADIUM(III) COMPLEXES OF 
METHYLDIPHENYLPHOSPHINE
3.1 Introduction
Complexes of vanadium(III) with tertiary aliphatic
phosphines, (VCl^CPR^^) ( R = Me/ Et or n-Pr ) have been
prepared from VCl^ and were thought to be trigonal bipyramidal
with the phosphine coordinated axially . However,
triphenylphosphine and tricyclohexylphosphine react with VCl^
only in melts of the phosphine to give mixtures of complexes
with various atomic ratios thought to contain chloro-bridged
dimers ((VCl^ (PR) . The related complexes (CpVX2 (PR)2)
( X = Cl or Br; R = Me or Et ) have been prepared by reaction
of (VX^Cthf)^) with (Cp2Mg) and PR^ ( .  These complexes
are useful starting materials for the preparation of other
vanadium complexes, such as (CpV(CO)^EEt^). It has been
reported that a vanadium(II) dimer, ({VC^ (PEt^) 2 7 can
prepared by zinc reduction of (VCl^ (PEt^) or reaction of
PEt^ with " VCl2 (thf)2 " which is known to be a mixed-metal
(9 7)
salt, (V2 (y-Cl) ^  (thf) g) 2 (Z^C-lg) . Furthermore, reaction
of this mixed-metal salt with PPt^Me followed by addition of 
LiBH^ yields a green solution from which crystals of a 
bimetallic vanadium(I) polyhydride ("V^Z^H^ (BH^) 2 (PPh2Me) 
can be isolated (-^2)^  The use of 1 ,2-diphenylphosphinomethane 
(dppm) and NaBH^ instead of PPh2Me and LiBH^ afford a vanadium(II) 
dimer with bridging chlorine atoms, bridging dppm and bidentate 
tetrahydroborate, ({V(y-Cl) (y-dppm) BH^^) . Therefore, by
slightly altering the ligands and reagents, a zinc-free product 
may be obtained from the mixed-metal salt. However, a related 
mixed metal salt of vanadium(II) , (V2 (y-Cl) ^ (thf) g) (AlC^E^) 
has been prepared, and this reacts readily with PMe^ to yield 
(V2 (y-Cl) ^  (PMe^) g) (AlCl2Et2) • These results have led to
the suggestion that ({VCI2 (PEt^)2^2) 7 referred to earlier ,
should be reformulated as (V2 (y-Cl)3 (PEt3) )2 (ZnClg). Recently, 
it has been shown that reaction of (V0 (y-Cl)^(thf) n (ZnCl^)c. J b c. b
with a bidentate phosphine, 1 ,2-dimethylphosphinoethane (dmpe),
gives a mononuclear vanadium(II) complex, trans-(VCI2 (dmpe)2) 
(95) ^
Prior to the present work no mononuclear complexes of
vanadium(III) with aromatic phosphines had been reported.
After this work was completed the low-temperature (-160°C)
crystal structure and other properties of (VCl^(PPh2Me)2) •
(144)0.4 were published . As indicated below, there
is generally good agreement with the results reported here.
3.2 E xpe r irnen t a 1
All reactions were carried out under nitrogen with 
deoxygenated solvents using the techniques outlined in 
Chapter 7. The vanadium(III) chloride (B.D.H.) and methyl- 
diphenylphosphine (Aldrich) were used as received. Aceto- 
nitrile (B.D.H.) was allowed to stand over ^2^5 ^or a ^ew 
days and distilled under nitrogen. Tetrahydrofuran (B.D.H.) 
was left over LiAlH^ for a few days and then distilled under 
nitrogen. Toluene (B.D.H.) was similarly allowed to stand 
over Na wire, the wire removed, and the toluene distilled 
under nitrogen. n-Pentane (B.D.H.) was washed with portions 
of concentrated sulphuric acid until there was no colouration
of the acid layer after 12 hours. It was washed with portions
-3 -3of 5 mol. dm KMnO^ ( in 3 mol. dm H2S0  ^ ) ; left to stand
over more KMnO^ solution for 2 days after which there was no
effervescence with fresh KMnO^; and then washed several times
with distilled water and NaHCO^ solution to remove any
residual acid. Finally this was distilled under.nitrogen.
Dichloromethane (B.D.H.) was washed with portions of 
concentrated sulphuric acid until the acid layer remained 
colourless, and then washed several times with distilled 
water and NaHCO^ solution to remove residual acid. It was 
dried over CaCl2 for several days before distillation from 
P20^ under nitrogen. Diethylether (B.D.H.) was dried over 
Na wire for a few days. All solvents were stored under 
nitrogen and dichloromethane was kept in the dark.
3.2.1 Preparation of Tris(acetonitrile)trichlorovanadium(III)
This was prepared according to the literature method .
3
VCl^ ( 5.00g, 31.8 m mol ) was placed in acetonitrile (100 cm ) 
and the mixture was heated under reflux for 2 hours to give 
a dark green solution which was allowed to cool overnight.
A light green precipitate formed,, which was filtered off 
and dried under vacuum for 1 hour. More (V Cl^(Me CN )w as 
isolated by evaporating the filtrate to dryness under vacuum. 
The yield of ( V C l ^ ( M e C N ) i s  very high ( 97% ).
3.2.2 Preparation of Trichlorotris(tetrahydrofuran)- 
vanadium(III)
This was prepared by the literature method .
A suspension of VCl^ ( 2.90g, 18.4 m mol ) in
3tetrahydrofuran (50 cm ) was heated under reflux for 3 hours 
under nitrogen and the resulting dark red solution cooled in 
an ice bath. Pink crystals of (VCl^tthf)^) separated. These 
were filtered off and dried under vacuum for 1 hour ( yield 
65% ) .
3.2.3 Preparation of Trichlorobis(methyldiphenylphosphine)- 
vanadium (II I)
This complex was prepared from both (VCI^(MeCN)3) and 
(VCl3 (thf) 3).
To a green suspension of (VC13 (MeCN)3) ( 0.55g, 1.96
3
m mol ) in deoxygenated toluene (50 cm ) , methyldipheny1-
3
phosphine ( 1.25 cm , 6.24 m mol ) was added. A red solution 
formed immediately, together with a small amount of white 
precipitate, thought to be an impurity present in the phosphine. 
The precipitate was filtered off and the red solution kept 
below 0°C in a refrigerator for two weeks. This gave a low 
( 6% ) yield of red crystals which were isolated by decanting 
the mother liquor, dried under vacuum, and stored under nitrogen.
To a purple solution of (VC13 (thf)3) ( 0.96g, 2.57 m mol )
3 3in toluene (50 cm ), methyl diphenylphosphine ( 1.54 cm ,
7. 71 m mol ) was added. The resulting solution contained a
small amount of white precipitate which was filtered off.
The solvent was evaporated from the red filtrate under vacuum
3
to give a red gel to which n-pentane (50 cm ) was added.
The pink, microcrystalline precipitate which formed was 
stirred for 1 hour, filtered off and dried under vacuum. This
gave a high yield ( 88% ) of pink powder.
3.2.4 Preparation of (Acetonitrile)trichlorobis(methyl­
diphenylphosphine) vanadium (III)
This complex was prepared from (VC13 (MeCN)3) by the two 
different methods which follow.
A green suspension of (VC13 (MeCN)3) ( 1.40g, 5.00 m  mol )
3
in toluene (75 cm ) was prepared as before. Methyl-
3
diphenylphosphine ( 3.00 cm , 15.0 m mol ) was added to 
give a red solution. The mixture was refluxed and the 
solution gradually became dark green. After 10 hours under 
reflux the solution was allowed to cool very slowly and green 
crystals formed. These were filtered off and dried under 
vacuum ( yield 40% ).
A suspension of ( V C l ^ ( M e C N ) ( 1.03g, 3.6 7 m mol ) in
3
toluene (100 cm ) was prepared. Methyldiphenylphosphine 
3
( 2.20 c m 11.0 m mol ) was added to give a red solution 
which was stirred for 1 hour and then the solvent was removed.
3
under vacuum to give a red gel. Diethylether (60 cm ) was
added to the red gel to give a pink precipitate of
(VCl^(PPh^Me)2) - After stirring for 30 minutes acetonitrile 
3
(10 cm ) was added to the precipitate which immediately
3
became green. On the addition of dichloromethane (50 cm ) 
the precipitate dissolved to give a dark green solution. The 
solution was concentrated to half volume under vacuum and the 
concentrated liquor was kept below 0°C for one week in a 
refrigerator. Green crystals appeared which were filtered off 
and dried under vacuum ( yield 18% ) .
When a solution of (yci^thf)^) ( 0.48g, 1.28 m mol ) in
deoxygenated toluene was added to methyldiphenylphosphine 
3
( 0.8 cm , 4.0 m mol ) a dark red solution resulted which 
remained unchanged after 10 hours under reflux. The electronic 
spectrum was the same as that of a solution in toluene of 
(VCl^ (PPt^Me) 2) prepared from (VC 1^ (MeCN) as above.
3.3 Analytical and Physical Data
The analytical and physical data for these complexes are 
given in Table 3.1. The solution electronic spectra of 
(VCl^ (PPi^Me) 2) and (VCl^ (MeCN) (PPt^Me) 2) were measured in 
toluene and acetonitrile respectively. Solvolysis of 
(VCl^MeCN) (PPl^Me^) may account for the differences in the 
solution and reflectance spectra. The molar extinction 
coefficients are given in parentheses and the assignments 
follow those made for (VCl^ (NMe^) 2) . The analysis of
(VCl^(PPt^Me)2) is for the product obtained from (VCl^(MeCN)^), 
the complex prepared from (VCl^thf)^) has 57.1% C and 4.9% H. 
The CvCl^(MeCN) (PPt^Me^) analysis, is for the complex made 
under reflux, the second method gave a product with analyses 
55.6% C, 5.3% H and 2.2% N.
3.4 X-ray Structure Determination of (VCl^ (PPh^Me)^)
Crystals were sealed in Lindemann capillaries by the 
method described in Chapter 7, and the structures of 
(VCl^ (PPt^Me) 2) and (VCl^fMeCN) (PPl^Me^) were determined by 
Dr. D. C. Povey and Mr. G. W. Smith.
(VCl^ (PPl^Me) 2) crystallises in the triclinic system,
with a = 12.003(2), b = 13.744(2), c = 17.751(4) A, V =
0 3  —
2710.9 A , Z = 4, space group Pi. A crystal of approximate
dimensions 0.3 x 0.3 x 0.1 mm was selected and the intensities
of 9327 unique reflections with (sin0)/A < 0.595 were measured
on an Enraf-Nonius CAD4 diffractometer with graphite mono-
chromated Mo-Ka radiation and a w/20 scan made. The structure
was determined by direct methods ( V, Cl and P atoms )
followed by normal heavy-atom methods and refined to R = 5.2%
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for 5175 observed reflections (-^5)^
There are two independent molecules of (VCl^(PPt^Me)2) 
in the unit cell and their bond lengths and angles are given 
in Table 3.2. A view of (VC13 (PPh2Me) 2) with the numbering 
scheme adopted is shown in Figure 3.2.
3.5 X-Ray Structure Determination of (VCl^(MeCN)(PPh^Me)
(VCl^(MeCN)(PPh2Me)2) crystallises in the monoclinic
system, with a = 12.359(3), b = 13.816(1), c = 17.654(3) A,
0 3V = 2982.8 A ,  Z = 4, space group P2^/n. A crystal of 
approximate dimensions 0.2 x 0.2 x 0.1 mm was selected and the 
intensities of 4669 unique reflections with (sin 0)/A < 0.595
were measured on an Enraf-Nonius CAD4 diffractometer with 
graphite monochromated Mo-K^ radiation and a 03/2 0 scan mode.
The structure was determined by direct methods ( V and Cl atoms ) 
followed by normal heavy-atom methods and refined to R = 4.3% 
for 3737 observed reflections.
A view of (VCl3 (MeCN) (PPh2Me)2) is shown in Figure 3.3 
with the numbering scheme used and the bond lengths and angles 
are given in Table 3.3.
3.6 Results and Discussion
The preparations of (VC13 (PPh2Me)2) and CVC13 (MeCN)(PPh2Me)2) 
are outlined in Scheme 3.1. The solution spectrum of 
(VCl^ (PPh2Me) 3) prepared from (VCl3 (thf)3) was the same as that 
of (VCl3 (PPh2Me)2) prepared from (VC13 (MeCN)3) even though 
the solvent was refluxed for 10 hours. This suggests 
tetrahydrofuran cannot form an adduct with (VC13 (PPh2Me)2) .
The two independent molecules in the unit cell of 
(VC13 (PPh2Me>2) each have a trigonal bipyramidal structure
v( i >—ci( 11) 2.232(2) 2.240(2)
V(l)~C!(12) 2.237(2) 2.238(2)
V( 1)—C!( 13) 2.181(2) 2.196(2)
V(lhP(Il) 2.552(2) 2.522(2)
V(l)-P(12) 2.534(2) 1528(2)
P(ii>-C(ii) 1.801(6) 1.804(6)
p(i i>-C(ioi) 1.810(6) 1.807(6)
P(11 >—C(! 11) 1.815(6) 1.810(6)
P(12)-C(12) 1.804(7) 1.810(6)
P( 12)-C( 121) 1.828(6) 1.817(7)
P(l2)-C(13l) 1.807(6) 1.815(6)
CI(11 >-V( 1 )-CI( 12) 125.5(1) 123.2(1
Cl(tl>-V(l)-CI(13) 115.7(1) 117.4(1
Cl( 12)~V( 1)—Cl( 2) 118.8(1) 119.4(1
Cl(ll>-V(l)-P(l!) 91.6(1) 86.9(1
Cl(ll)-V(l)-P(12) 86.4(1) 88.0(1
Cl(l2)-V(l>-P(li) 84.7(1) 91.4(1
Cl(12)-V(l)-P(12) 86.6(1) 87.5(1
Cl(!3)-V(!)-P(l I) 96.0(1) 90.2(1
CI(13)-V(l)-P(12) 95.8(1) 96.3(1
P(ll)-V(i)-P(12) 167.8(1) 173.0(1
C(ii)-P(ii)-C(ioi) 103.8(3) 105.5(3
C(ll)-P(ll)-C(lll) 105.9(3) 104.8(3
C(ioihP(n>-C(iii) 103.2(3) 104.3(3
C( 12>—P( 12)—C( 121) 105.2(3) 105.8(3
C(I2)-P(I2>-C(131) 104.6(3) 105.6(3
C( 121 >—P( 12>—C( 131) 103.3(3) 104.3(3
Mean C-C bond length in phenyl rings =  1.37(2) A; range 
1.400— 1.312 A.
0
Table 3.2 Bond lengths (A) and angles for (VC13(PPh2Me)2 ) .
Values are given for molecule 1 with equivalent 
values for molecule 2 alongside.
" )
Figure
c^iis)
C (114) C(116)
c (113) ^c(l1l)
C(105)
. \  
c(n) 9(106) 9(104)
C(101)
c(112) p(n)
C(103)
C(102)
c i (12)-------v(i).
Cl (13)
C(136)
9(135) X C(131)
I I
„C(l32)
C(133)
p(l 2).
C(12)
Cl (11)
.C(126)
/  \  
'c(121) C(125)
C(122) c(l24)
Cfl23)
3.2 A view of C VCl^ (PPh2Me) 2 ) with the atom 
numbering scheme.
C(125)
C(124) C(126)
C(123) ^,C'(121)
C(122)
Cl(l)
c i (3)
,^.C(226) 
C(225) ^
C(1)
P(1)
C(224)
C(2 21I
C(222)
P(2)
C(2)
C(223)
C(l15)
c(l16) ^ ^ ( 114)
C(l1lh C^(113) 
C(112)
N C (3 )-----c(4)
Cl(2)
C(21l) \ : ( 2 1 5 )
c i 212) C(214)
C(213)
A view of CVCl3 (MeCN)(PPh2Me2)) with the atom 
numbering scheme.
V-Ct(l) 2.300(1)
V-Cl(2) 2.269(1)
V-C1(3) 2.320(1)
V-P(l) 2.540(1)
V-P(2) 2.574(1)
V-N 2.140(3)
P0>-C(1) 1.831(3)
P(l)-C(lli) 1.826(3)
P(l)-C(121) 1.802(3)
P(2)-C(2) 1.826(3)
P(2)—C(2! 1) 1.827(3)
P(2)-C(221) 1.812(3)
N-C(3) 1.132(3)
C(3)-C(4) 1.437(5)
Cl( 1 >—V—Cl(2) 99.84(4
C1(1)-V-C1(3) 165.25(4
C1(2)-V-C1(3) 94.90(4
Cl(l>-V-P(i) 90.54(3
Cl(l)-V-P(2) 94.01(3
Ci(2>-V-P(l) 87.23(3
Cl(2)-V-P(2) 89.14(3
Cl(3>-V-P(l) 89.58(3
Cl(3)-V-P(2) 86.76(3
C1(1)-V»N 83.65(7
a(2)-V-N 175.63(7
a(3)-V-N 81.60(7
p( i y—V—P(2) 174.61(3
c(i>-p(i>-c(m) 102.0(1)
c(\y?(\yc(\2\) 105.2(2)
C(lll)-P(l>-C(121) 103.3(1)
C(2)-P(2)-C(21l) 100.4(1)
C(2)-P(2>-C(221) 105.7(2)
C(211 )-P(2>-C(221) 104.4(1)
N-C(3}-C(4) 178.8(4)
Mean C-C bond length in phenyl rings =  1.38(7) A; range =  1.396-— 
1.345 A
C .
Table 3.3 Bond lengths (A) and angles for (VC13(MeCN)(PPh2 Me)2J
with the phosphines coordinated in the axial positions 
( Figure 3.2 ). The V-Cl bond distances in the two molecules 
are the same within experimental error but in each molecule
o
one V-Cl distance (2.181(2) A) is markedly shorter than the
other two which are approximately equal ( 2.232(2) and 
©
2.237(2) A ) . This may be due to the packing of the molecules 
within the crystal. Alternatively the short bond can be 
explained by considering the molecular orbitals surrounding 
the equatorial bonds ( Figure 3.4 ). The orbitals
of one chlorine atom in (VCl^ ( P P l ^ M e ) m a y  overlap with 3d 
orbitals of the vanadium. The interaction shown in Figure 
3.4(a) results in the 3d orbital being hybridised away from 
the other chlorine ligands. This allows one equatorial 
chlorine atom to donate electron density to the empty or 
partially filled 3d orbitals of vanadium via 7r-bonding 
interactions. If such interactions occurred the result would 
be one short V-Cl bond and two longer V-Cl bonds.
The Cl-V-Cl bond angles (115.7 - 125.5°) show some
distortion from the expected 120°, Table 3.4. The corresponding
angles are 118.1 and 121.0°(two) in (VCl^ (NMe^) 2) y the only
other trigonal bipyramidal complex of vanadium(m) which has
(2 8)been structurally characterised . The trimethylamine
ligands are in the axial positions and at right angles to the 
plane containing the chlorine and vanadium atoms in this 
complex, i.e. N-V-N = 180°, whereas in the molecules of 
(VCl3 (PPh2Me)2) P-V-P = 167.8 and 173.0°. The greater 
distortion from the ideal trigonal bipyramid in the phosphine 
complex is caused by steric effects of the phosphine ligands 
and crystal packing. The mean V-Cl separations (2.217 and
tvet (MeCN) ] ♦ PPh Me
J J i
light green
(i)
(excess)
(VCl (PPh Me) ]
J 4 4
red
(VCl ( t h f ) J  ♦ PPh Me 
3 3 2
pink . (excess)
(ii) or
(iii)
(VC.I (MeCN)tPPh Me)2] 
green
Scheme 3.1 (i) toluene, (ii) MeCN reflux 10 hours or
(iii) .Et20/MeCN/CH2Cl2 then concentrate
(a) (b)
Figure 3.4 Molecular orbital diagrams of the 3d-p7T overlaps 
( shading denotes the sign of the wave function )
2.225 A) are similar to that in (VCl^(NMe^)2) (2.239 A) 2^8 .^
The dimensions of (VC13(PPh2Me)2) agree well with those
determined under different conditions (-160°C) on a crystal
obtained by reacting (VCl3(thf)3) with PPh2Me and recrystal-
(144)Using the solid obtained from toluene-pentane . The
analyses indicated an average composition (VC13 (PPh2Me)2) .
0.4 C5H22' kut the crystal chosen for investigation contained 
a negligible amount of pentane.
The solution and reflectance spectra of (VC13 (PPh2Me) ) 
are very similar which indicates the same species is present 
in solution as in the solid state.
The stability of trigonal bipyramidal compared with 
square pyramidal stereo chemist ry for (VC13 (PPt^Me) 2) can be 
explained by considering the d-orbital occupancy and steric 
effects. The relative energies of the d orbitals of 
vanadium (III) in a trigonal bipyramidal and square bipyramidal 
field are shown in Figure 3.5. On changing from
trigonal bipyramidal to square pyramidal one of the two 
d—electrons would have to move to a higher energy or pair with 
the other electron. Therefore the trigonal bipyramidal 
stereochemistry has a lower energy requirement so is preferred. 
Also, for (VC13 (.PPh2Me) 2) to assume a square pyramidal 
configuration the phosphine ligands would have to move closer 
to each other which is unfavourable because of steric 
hindrance.
The effective magnetic moment of (VC13 (PPh2Me)2) (2.77 yB ,
Table 3.3) confirms the oxidation state and is close to 
values reported for (VC13 (PEt3) 2) (2.83 at 298K) and
d2 2 x -y ,xy
/tv
xzl,yz
A
energy
/N /N
xzi, y?
/ s
\ ✓
xy
trigonal bipyramidal square pyramidal
Figure 3.5 Comparison of d-orbital occupancy for a vandium (III) 
ion in a trigonal bipyramidal and square pyramidal 
field.
(VCl^ (PPt^Me) 2) * 0*4 C5H 22 ^3 ^n benzene at 295K) d^4) ^
The acetonitrile adduct has a distorted octahedral
structure ( Figure 3.3.) with two phosphine ligands above and 
below the plane formed by the vanadium and chlorine atoms 
( the acetonitrile is slightly removed from this plane ).
The V-Cl bond lengths in the adduct are not uniform because 
of distortion from octahedral stereochemistry and are longer 
than in (VC19(PPh9Me)9). The lengthening of V-P bonds in
c \ <9S)
iz 4-99S) fvcl3 (MeCN) (pph2Me)2-) (2-540 3113 2.574 A) co^ps.eci
Cna<je.sts greater back bonding in the latter as might be expected from
the lower oxidation state of the vanadium. The acetonitrile
is coordinated end on (V-N-C - 180°) and has C=N and C-C bond
distances (.1.132(3) and 1. 437(5) A respectively) which closely
correspond; to those found in (VOCl^ (MeCN)) (C=N 1.137(2)
and C-C 1. 445 (3) A ) .
The band at 26 300 cm ^  in the reflectance spectrum of
3 1the adduct ( Table 3.1 ) has been assigned to the A~ . ■«- T,
 ^ 2g lg
(149)
transition which has not been observed in other
octahedral vanadium(III) complexes as it was obscured by
charge transfer or ligand absorption. The effective magnetic
moment of 2.64 }jb is lower than the spin only value (2.87 yg)
but for octahedral vanadium(III) complexes effective
magnetic moments of ca. 2.7 yi have been reported (21(e) )^
B
CHAPTER 4
VANADIUM(II) COMPLEXES
4.1 Introduction
The coordination chemistry of vanadium(II) is less well 
understood than that of the other oxidation states of vanadium. 
This situation has arisen because of the unavailability of 
simple vanadium(II) compounds as starting materials, and the 
general reactivity of this oxidation state. Vanadium(II) 
complexes may be prepared by electrolytic reduction of 
vanadyl(IV) or vanadium(III) solutions, electrolytic or chemical 
oxidation of vanadium metal, and treatment of higher oxidation 
state complexes with various reducing agents.
One of the earliest vanadium(II) complexes reported was 
the sulphate prepared by electrolytic reduction of vanadyl(IV) 
solutions (150)^ was rep0;r(-e3 to ^  VSO^.TI^O, but in a
(37)
later study the product was identified as the hexahydrate
VS04.6H20.
The hydrated halides, VCI2 .4H2O, VB^.GI^O and V ^ .
have been prepared by electrolytic reduction of V0X2 solutions 
(24)
( X = Cl, Br or I ) and characterised by magnetic and
diffuse-refleetance measurements down to liquid nitrogen
temperatures. The hexahydrates have ionic structures,
(V(H20)g)X2 ( X = Br or I ) and the tetrahydrate has a tetragonal
structure, trans-(V(H20)4C12). The corresponding ethanol
complexes (V(EtOH)4C12) and (V(EtOH)^)Br2 were prepared by
dissolving the hydrates in ethanol which contained an excess
( 4 3 )
of triethylorthoformate . Evaporation to dryness afforded
the complexes mixed with ethyl formate, a byproduct of 
dehydration by the organic ester, which was removed by extraction 
with diethyl ether. Analysis of (V(EtOH) showed that there
was loss of ethanol on drying.
In earlier work, Seifert and Auel reduced solutions of
VCl^ and VBr^ electrolytically in methanol saturated with
HX ( X = Cl or Br ) to give metastable V11 solutions .
A series of vanadium(II) methanolates was isolated from these
solutions: VC19 (MeOH) ( n = 2 or 4 ) and VBr9 (MeOH) ( n = 2,
4 or 6 ) . From solutions obtained by reacting V C ^ f M e O H ^
with KI in methanol adducts of the type V ^ f M e O H ^  ( n = 4
or 6 ) were isolated. By exchange reactions with VCI2 (MeOH)^
the compounds V C ^ ^ h f ^ ,  VC12 (dioxan) ^  / VC12 (MeCN) 4 and
(88)
VCI2 (py)4 were prepared
Alternatively, electrolytic oxidation of vanadium may be 
employed. Vanadium metal rapidly dissolves in acetonitrile 
when use as the anode of a "Pt/X^ cell ( X = Cl, Br or I ) to
give solutions from which crystalline VC12 (MeCN) ^  > V B ^  (MeCN)
( 9 1 )
and VI2 can be obtained . Electrolytic oxidation of
vanadium metal in aqueous HBF4 and dmso has been used to
(45)
prepare (V(dmso) g) (BF4) 2
Vanadium metal is expensive and unreactive but it has
been reported that crystalline metallic vanadium can be treated
with concentrated solutions of the hydrogen halides ( HC1 or
HBr ) and the resulting vanadium(II) solutions evaporated to
dryness to obtain the complexes, (V(H20)g)X2 ( X = Cl or Br ) 
(39,151)
For a long time it has been known that aqueous vanadium(II) 
can be prepared by reduction of vanadyl(IV) sulphate with 
sodium amalgam or zinc dust and acid (21(f) ) ^ However, only 
recently have reducing agents been used in non-aqueous 
conditions to make vanadium (II) complexes with potential as 
starting materials for other vanadium(II) complexes.
When a solution of VCl^ in tetrahydrofuran was reduced
with zinc dust a green, air-sensitive material was isolated
This was characterised as 1 VCl2 (thf)2 1 but is now known to
be a mixed metal salt ({V2 (y-Cl)3 (thf)6>2)(Zn2Cl6) (73'74'97)%
Furthermore, reaction of this mixed metal salt with 1,2-bis
(95)(dimethylphosphino)ethane (dmpe) yields (VC12 (dmpe) 2) • .
However the zinc is a potential source of interference with 
the vanadium chemistry and the mixed metal salt is only 
sparingly soluble in organic solvents. Another vanadium(II) 
complex containing zinc, (V(MeCN)(ZnCl^) was prepared by 
adding a solution of VCl^ in acetonitrile to ZnEt2 .
Unfortunately, this complex is insoluble in acetonitrile.
Binuclear metal salts of vanadium(II), (V2 (y-Cl) 2 (thf) ^ ) 
(A1C12R2) ( R = Me or Et ) were recently prepared by reaction
of solutions of (VCl^tthf)^) in tetrahydrofuran with AlMe2 (OEt) 
or AlMe2 (OMe), and AlEt2 (OEt) or AlEt2 (OMe) (54). These 
complexes are very soluble in organic solvents and react 
instantaneously with methanol to give solutions from which 
(V(MeOH)g)Cl2 or (V(MeOH)^Cl2) can be obtained. However, 
upon reaction with trimethylphosphine the bridging chlorines 
are retained in the product, (V2 (y-Cl)^(PMe^) (AlCl2Et2)
The aim of this part of the work was to prepare, free 
from other metal contaminants, vanadium(II) complexes with 
weak donor ligands, soluble in non-aqueous solvents. The 
use of non-aqueous solvents avoids the reduction of protons 
by vanadium(II) and should allow the isolation of complexes of 
interest with respect to dinitrogen fixation, such as mono­
nuclear vanadium(II) phosphines and catecholates.
4.2 Electrolytic Preparation of Vanadium(II) Complexes from 
Aqueous Vanadyl(IV) Solutions
(43(a))All the complexes reported here are known . The
optimum conditions used with the cell ( Figure 4.1 ) are 
outlined below.
(V(H20)6)S04
A solution of VOSO^.xI^O (92.5g, B.D.H. Chemicals Ltd.)
3 -3in dilute sulphuric acid (250 cm ; 1 moldm ) was prepared.
3A portion (75 cm ) of this stock solution was placed in the
3
cell. The anode compartment was filled with 20 cm of dilute
-3sulphuric acid (1 moldm ) and this was replenished several 
times during the course of the reduction which was carried 
out at 5V, 0.3A for a total period of about 40 hours. Nitrogen 
was passed across the solution to prevent re-oxidation.
Oxygen, liberated at the carbon anode, was vented at the top 
of the compartment. The blue vanadyl(IV) solution became 
opaque and then an intense violet colour at the completion of 
the reduction.
The violet solution was filtered through a glass wool
plug supported on a sinter, into a deoxygenated flask. Purple
(V(H20)g)SO^ crystallised on the addition of deoxygenated
3
methylated spirit (150 cm ). The crystals ( yield — 7.87g ) 
were filtered off, washed with portions of cold methylated 
spirit, and vacuum dxied for several hours.
Analysis : Calc, for : V, 20.0%
Found : V, 18.2% (V11) ■, 19.3% (total V)
liberated 
gas + N9
anode solution
solution to be
reduced
platinum (or carbon) 
anode
sinter —  
magnetic stirrer bar-
mercury cathode
FIGURE 4.1 Electrolysis cell used to reduce aqueous 
vanadyl(IV) solutions
trans- (Vtl^O) ^ Cl^)
3
A portion (12 cm ) of VOC^.ZI^O solution (50%, w/v;
3B.D.H. Chemicals Ltd.) was made up to 100 cm with dilute
- 3
hydrochloric acid (1 moldm ). This solution was placed in
the cell and reduced at 5V, 0.9A using a carbon anode.
3
Concentrated hydrochloric acid (20 cm ) was placed in the 
anode compartment and replenished a few times during the 
reduction. The cell was swept with nitrogen and chlorine, 
produced at the anode, was condensed in a dry ice/acetone cold 
trap. The blue vanadyl(IV) solution became opaque before an 
intense violet coloured solution formed, after about 5 hours, 
which signalled the end of the reduction.
The violet solution was transferred to a deoxygenated 
flask through a pad of ' celite 521 1 (Aldrich) on a filter.
The flask was placed in a water bath at 50°C and the solution 
was evaporated to dryness under vacuum. This yielded blue 
plate-like crystals ( yield = 8.62g ).
(V(H20)6)Br2
Dry vanadium pentoxide (25g) was dissolved in concentrated
3
hydrobromic acid (50 cm ) and the resulting brown solution was
evaporated to dryness. The blue/brown residue was treated
3
with two further portions of hydrobromic acid (30 cm each)
and evaporated to dryness each time. This gave a blue mass
of vanadyl(IV) bromide which was dissolved in hot water and
3
filtered. A small amount of hydrobromic acid (5 cm ) was
3
added to the filtrate which was then made up to 500 cm .
3
A portion (100 cm ) of this stock solution was placed in 
the cell. The anode compartment was filled with concentrated
3hydrobromic acid (20 cm ) and the current and voltage were 
set at 1.5A, 7V. The reduction was carried out using a 
platinum anode and bromine liberated at the anode was swept 
out by bubbling nitrogen through the hydrobromic acid. The 
bromine was removed from the nitrogen by absorption onto 
soda-lime. The colour changes were blue to opaque to intense 
violet. After about 3 hours the reduction was complete and 
the violet coloured solution was filtered through ' celite 
521 ' (Aldrich) into a deoxygenated flask.
This solution was evaporated to dryness under vacuum at 
50°C to yield violet crystals of (V(H20 ) B r 2 . The crystals 
were suspended in deoxygenated, ice cold ethylacetate ( which 
readily dissolved some vanadium(III) impurity to give a 
green solution ), filtered off, and dried in vacuum for 2 
hours ( yield = 7.26g ).
Analysis : Calc, for (V(H20)g)Br2 : V, 16.0%
Found : V, 15.9% (V11), 16.2% (total V)
Special points of interest concerning the above preparations 
are as follows :
(a) The time required to produce the violet vanadium(II) state 
was considerably lengthened when the concentrations of 
vanadyl(IV) solutions were high, as in the preparation of 
(V(H20)6)S04
(b) The cell was deoxygenated before mercury or any solutions 
were added. On completion of the reduction the anode 
compartment was swiftly removed from the cell which was 
stoppered against a flow of nitrogen. The vanadium(II) 
solutions were transferred from the cell after a relatively 
short time to prevent spontaneous decomposition.
(c) It was difficult to be sure when the reductions were
complete because the vanadium(II) colour masks that due
to small amounts of vanadium (III) (43(a))^
(d) It proved necessary to filter the vanadium(II) solutions
to prevent small particles of carbon and mercury entering 
the final products.
(e) Vanadyl(IV) chloride solutions were best reduced using a 
carbon anode since the chlorine liberated may react with 
a platinum anode (23(b) )^
(f) Large decreases in current indicated the anodic solutions 
needed replenishing.
(g) The cell overheated if currents > 1.5A were applied.
(h) The carbon anodes decomposed rapidly if the current 
exceeded 1A.
4.3 Attempted Electrolytic Reductions of Vanadium(III)
Chloride in Non-aqueous Solvents
VCl2 (EtCN)x
This was an attempt to prepare VC19 (EtCN) ( x ■= 2,4 or 6 
Propionitrile was used in preference to acetonitrile because 
vanadium(III) chloride was found to be more soluble in the 
former.
Vanadium (III) chloride (4g) was placed with dry prop-
3
ionitrile (120 cm ) and the solvent refluxed for 1 hour under 
nitrogen. A green solution of VCl^fEtCN)^ was formed. Dry 
tetraethylammonium chloride (6g) was added to this solution 
as an electrolyte. A violet suspension of an unknown complex 
formed and this was placed in the cell ( Figure 4.1 ) . A cast
lead electrode was inserted into the anode compartment which
3was filled with a propionitrile solution (20 cm ) of tetra- 
ethylammonium chloride (2g). A current of 0.12A at 29V was 
passed through the suspension for several hours. There was 
no change in the suspension after this time and so the 
reduction was abandoned.
(VCl2 (MeOH)2)
An attempt was made to prepare (VC12 (MeOH)2) by the
(42)method of Seifert and Auel as follows.
3
Methanol (500 cm ) was dried by reflux over magnesium 
turnings (5g) in the presence of a few iodine crystals (0.5g) 
for 2 hours. Hydrogen chloride, dried by passage through 
molecular sieve 4A, was bubbled through the dry methanol for 
2 hours to saturate it completely.
Vanadium(III) chloride (12.6g) was suspended in the
3
saturated methanol (400 cm ) and the dark purple suspension
was placed in the cell shown in Figure 4.2. The cell contained
(42)all the features described by Seifert and Auel .
3
Saturated methanol (30 cm ) was placed in the porous pot anode 
compartment, the carbon anode inserted, and nitrogen was 
bubbled through the suspension. The reduction was carried out 
at 1A, 10V, and the cell was cooled in an ice bath as much 
heat was evolved. A green solution formed initially which 
became a blue/green colour after 7 hours. At this time the 
current had fallen to OA at 20V and so the blue/green solution 
was transferred to a deoxygenated flask. The solution was 
filtered and then evaporated to dryness under vacuum at 65°C. 
This yielded a green powder believed to be (VC12 (MeOH)2) .
Analysis : Calc, for (VC12 (MeOH) ) : V, 27.4; C, 12.9; H, 4.3%
Found : V, 17.8(VI:t), 25.2 (total V) 
C, 7.2; H, 4.0%
4.4 Attempted Preparations of Vanadium(II) Complexes using 
Reducing Agents
All these reductions were carried out under nitrogen with 
purified, deoxygenated solvents using the techniques described 
in Chapter 7. The preparations of the vanadium(II) complexes 
used as starting materials and solvent purifications were 
outlined in Chapter 3.
(VCl2 (bipy))
A purple solution of (VCl2 (thf)3) (0.62g, 1.66 mmol) in
3tetrahydrofuran (40 cm ) was cooled in a dry ice/acetone bath.
A hexane solution of tert-butyllithium (1.66 mmol) was added 
and the purple solution immediately became violet. To this 
solution bipyridyl (0.52g, 3.37 mmol) was added and a black 
precipitate formed. This was filtered off and dried under 
vacuum.
Analysis : Calc, for (_VCl2 (bipy)) : C, 43.2; H, 2.9; N, 10.1%
Found : C, 39.4; H, 3.3; N, 8.6%
(Surrey)
C, 37.3; H, 2.6; N, 8.0%
(Sussex)
(VC12 (.dme) )
Vanadium(III) chloride (2g, 12.7 mmol) was mixed with
3
1,2-dimethoxyethane (100 cm ) and the solvent was refluxed for 
3 hours. A dark violet solution formed and on cooling a light 
violet suspension separated. This was cooled further in a
dry iceyacetone bath and tert-butyllithium (12.7 mmol) was 
added. A dark purple solution formed which contained a small 
amount of white precipitate, thought to be LiCl. The 
white precipitate was removed by passing the solution through 
1 celite 521 1 (Aldrich) on a filter. The filtrate was 
evaporated to dryness to yield a purple tar. A dark purple 
solid was precipitated from this tar by addition of n-pentane
3
(.40 cm ) . The solid was filtered off and dried under vacuum.
Analysis : Calc, for VC12 (dme) : C, 22.7; H, 4.8%
Found : C, 11.8; H, 3.9% (Surrey)
C, 21.5; H, 3.9% (Sussex)
(V2 (.V-Cl)3Cl(thf) (PPh Me)3)
A red solution of (VCl^ (PPl^Me) 2) was prepared by adding
3
methyldiphenylphosphine (1.11 cm , 5.55 mmol) to a solution
of (vci3 (thf)3) (0.69g, 1.85 mmol) in toluene (.50 cm^) . Zinc
powder (0.80g) was added and the solvent was refluxed for 
1 hour, but the solution remained the same colour. To this
3
mixture tetrahydrofuran (10 cm ) was added, and the colour 
changed to yellow, then green, and finally blue. The 
remaining solid (Zn and ZnCl2 ?) was removed by filtration, 
and the filtrate was kept at 0°C for a few days. A grey 
suspension formed which was filtered off and dried under 
vacuum.
A solution of (VC13 (PPh2Me)2) in tetrahydrofuran, prepared 
in a similar manner, was allowed to react with zinc under a 
high pressure of nitrogen (85 psi, 5 atm) . A grey material 
was isolated from the green solution produced; by evaporation 
to dryness followed by precipitation with freshly distilled 
hexane.
Analysis : Calc, for (V2 (y-Cl)^Cl(thf) (PPh2M e ) :
C, 56.4; H, 5.2%
Found : C, 57.0; H, 5.0%
Found (high pressure synthesis)
C, 50.7; H, 4.7%
4. 5 Attempted Preparation of Vanadium(II) Chloride Complexes 
with Weakly Coordinating Ligands
These complexes were prepared from trans-(V(H20)^Cl2)
(VC12 (thf) 4)
3Deoxygenated tetrahydrofuran (80 cm ) was added to trans- 
(V(H20)4C12) (1.59g, 8.18 mmol) and a blue suspension formed.
The solvent was refluxed for 1 hour, but the suspension
3
remained unchanged and so triethylorthoformate (10 cm ) was 
added. On further refluxing a dark green soltuion formed 
which was allowed to cool before filtration through ' celite 
521 ' (Aldrich) on a filter. The filtrate was concentrated 
to 20 cm and placed in a refrigerator at 0 C overnight. A 
light green suspension formed which was isolated by decantation. 
Unfortunately, the suspension oxidised during further 
manipulations to a purple powder. To the decanted solution
3
toluene (20 cm ) was added but no crystallisation occurred. 
Therefore, the solvent was removed under vacuum to give a
light green material ( yield = 17% ).
Analysis : Calc, for (VC12 (thf) )^ : C, 46.8; H, 7.9%
Found : C, 45.4; H, 7.0%
(VCJ-2 (dioxan))
trans-CVCHpO)^Cl^) (1.61g, 8.32 mmol) was dissolved in
3
deoxygenated triethylorthoformate (50 cm ) and absolute
3
ethanol (25 cm ) to give a turquoise coloured solution. This 
solution was stirred for 2 hours then evaporated to dryness to 
yield a'light green powder, (VC^ (EtOH) containing ethyl 
formate. The ethyl formate was removed by extraction with 
petroleum ether (80-100°, 30 cm^), and the light green powder
3
was dried under vacuum. To this powder, 1,4-dioxan (20 cm , 
dried by distillation from sodium wire) was added. Initially 
a green solution formed, and then a green/blue solid was 
precipitated. The solvent was removed under vacuum and fresh
3
1,4-dioxan (35 cm ) added. The green/blue suspension which 
formed was stirred for 1 hour, filtered off, and dried under 
vacuum. After a few hours the green/blue solid disintegrated 
to give a light blue powder and 1,4-dioxan. Therefore a 
portion of this material was placed in a soxhlet extraction
3
apparatus and extracted into 1,4-dioxan (180 cm ) . A light 
blue precipitate formed immediately which was filtered off and 
dried under vacuum for 4 hours.
Analysis : Calc, for (VCl^(dioxan)) : C, 22.9; H, 3.8%
Found : C, 23.7; H, 4.9%
4.6 Vanadium(II) Bromide Complexes
These complexes were all prepared from 
by direct reaction or from complexes prepared using this 
material. The analytical data for these complexes are given 
in Table 4.1.
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(V(MeOH)6)Br2
(V(H20)g)Br2 (6.56g, 20.6 mmol) was added to triethyl-
3 3orthoformate (50 cm ) and absolute ethanol (60 cm ). A
blue solution formed which was stirred for 2 hours and then
evaporated to dryness to give a green powder (VBr2 (EtOH)2)
(43(a)) con-j-aining ethyl formate. This was removed by
extraction into deoxygenated petroleum ether (80-100°, 80 cm^)
The remaining complex was dried under vacuum, and methanol
(80 cm , dried as for (VC12 (MeOH)2)) was added. An intense
violet solution formed immediately, and was stirred for 1 hour
The solvent was removed under vacuum and replaced with fresh
3
methanol (80 cm ) . The solution was filtered and evaporated 
to dryness under vacuum to yield a violet powder which was 
dried at 45°C in a vacuum for 1\ hours ( yield = 89% ).
(VBr2 (thf) 2)
(V(MeOH)g)Br2 (2.69g, 6.67 mmol) was placed with
3
tetrahydrofuran (80 cm ). A violet suspension formed which 
was stirred for 3 hours and refluxed for 30 minutes to give 
a green solution. The solvent was removed under vacuum to 
give a green powder which was dissolved in fresh tetrahydro-
3
furan (80 cm ), and the resulting green solution was stirred
3or 1 hour. This solution was concentrated to 10 cm and 
placed in a refrigerator at 0°C overnight. Green crystals 
formed which were filtered off, and green powder was obtained 
by evaporating the filtrate to dryness under vacuum. The 
crystals and powder were thought to be (VBr2 (thf)^3 however, 
after a few days both the crystals and powder disintegrated 
to give a light green powder and droplets of tetrahydrofuran. 
The light green powder was dried at 55°C in a vacuum for
4 hours ( yield = 95% ) .
(VBr2 (dppe) ) / (VBr2 (dppe) 2 )
When (VBr2 (thf)2) (0.69g, 1.95 mmol) was added to tetra-
3
hydrofuran (60 cm ) a light green suspension formed. To this 
suspension a solution of 1,2-bis(diphenylphosphino)ethane
3
(1.67g, 4.20 mmol) in tetrahydrofuran (30 cm ) was added.
After 2 4 hours, including two hours under reflux, a green 
solution formed which contained a small amount of light green 
precipitate. The precipitate was filtered off and dried 
under vacuum to give a small yield (8%) of (VBr2 (dppe)).
The filtrate was evaporated to dryness under vacuum to 
give a light green powder. This was washed with warm toluene
3
(40 cm ) and dried in vacuum for 1 hour to give (VBr2 (dppe)2)
( yield = 60% ).
(VBr2 (thf) 3 (H20) )
(V(H20)g)Br2 (0.52g, 1.63 mmol) was dissolved in tetra­
hydrofuran to give a green solution. This solution was
3
concentrated to 15 cm and then placed in a refrigerator at 
0°C for 2 weeks. No crystallisation occurred and so the solution 
was evaporated to dryness to give a light green crystalline 
material which on further drying at 60°C under vacuum became 
a green/violet colour ( yield = 39% ).
4.7 Analytical and Physical Data
The spectra and magnetic properties of the vanadium(II)
(24 37)hydrates have been reported by previous workers 9 . It
was not possible to measure the reflectance spectra of 
(VBr2 (dppe)) , (VBr2 (thf) 3 (H20)) and (VC12 (thf) because only 
small amounts of each were obtained. Poor analyses were
obtained for (VC12 (dioxan)) and so the physical properties 
of this complex were not investigated. Reflectance spectra 
are shown for 1(VC12 (MeOH)2) ' ( Figure 4.3 ) and the vanadium(II) 
complexes containing bromide ( Figure 4.4 ). The data 
obtained from the reflectance spectra of the bromide complexes 
are given in Table 4.2. The other analytical and physical 
data for these complexes was given in Table 4.1.
4.8 Results and Discussion
The poor analyses of the materials obtained using 
reducing agents indicate that vanadium(II) complexes cannot 
be easily prepared by these routes. In contrast, the hydrates, 
prepared by electrolytic reduction of vanadyl solutions, gave 
vanadium(II) and total vanadium analyses close to the expected 
values. However, for 1(VC12 (MeOH)2) ' the large difference 
between total vanadium (25.2%) and vanadium(II) content (17.8%) 
suggests that the electrolysis was stopped before reduction 
was complete. The low percentages for carbon and hydrogen 
confirm this hypothesis. Despite the poor analysis of 
' (_VC12 (MeOH) 2) ' the reflectance spectrum ( Figure 4.3 ) 
resembles the spectra of the bromide complexes ( Figure 4.4 ). 
The preparation of ' (,VC12 (MeOH) 2) 1 highlights the difficulty 
of determining when the reduction is complete in electrolytic 
syntheses. The colour changes were not very pronounced 
( unlike the electrolyses of aqueous vanadyl solutions ) which 
led to this error of judgement. Nevertheless, it is clear 
that reduction does occur but further work must be done using 
this type of cell ( Figure 4.2 ). It is important to note 
that when this electrolysis was attempted using the other type 
of cell C Figure 4.1 ) no reduction occurred ^^2)  ^ This was
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FIGURE 4.2 Electrolysis cell used to prepare VCl2 (MeOH)
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thought to be due to mixing of the anodic and cathodic 
solution through the sinter.
The preparations of complexes from (v(Ho0 ) Br~ andz b  z
trans-Cvdi^O) ^ Cl^) are shown in Schemes 4.1 and 4.2 respectively. 
The better microanalyses obtained for complexes prepared from 
(Vd^OjgjB^ ( Table 4.1 ), and higher yields ( with the 
exception of (VB^(thf)^(H2^)^9 led to these complexes being 
investigated more thoroughly than the chloride-containing 
complexes. Also chloride is a better bridging ligand than 
bromide and so (VCI^CO^B^ was the preferred starting material 
for the preparation of vanadium(II) complexes.
A hexamethanol complex was prepared from ( v d ^ O J ^ B ^
( Scheme 4.1 ) in preference to the ethanol solvate isolated
(43)by previous workers because methanol is more strongly
coordinated so there was less likelihood of forming a 
vanadium(II) material with varying degrees of solvation. The 
tetrahydrofuran complex CVB^ (thf) 2) / was prepared from the 
methanol complex since water remains in the complex prepared 
by reacting tetrahydrofuran with the hydrate. The complexes 
of 1,2-bis(diphenylphosphino)ethane were obtained via the 
tetrahydrofuran derivative because previous attempts, by 
other workers, to prepare complexes of 1,2-bis(diphenylphosphino) 
ethane and triphenylphosphine from Cv(EtOH) failed (43(a))^
The insolubility of VB^Cdppe) in tetrahydrofuran leads to 
the suggestion that this may be a polymer but further work 
is needed to characterise this complex fully.
The reflectance spectra data for the bromide complexes 
are given in Table 4.2 together with data for C v ( M e O H ) I 2 / 
obtained by previous workers.
Scheme 4.1 Preparation of complexes from ( V d ^ C O ^ B ^
(V(H20) 6)Br2 
violet
l thf
(VBr2 (thf)3 (H20))
green/violet
(VBr2 (dppe) )
insoluble, light 
green precipitate
MeOH
f
(V(MeOH)6)Br2
violet 
reflux
thf
thf
reflux
2dppe + (VBr2 (thf)2) 
light green
(VBr2 (dppe)2) 
soluble, light green complex
Scheme 4.2 Preparation of complexes from trans-(V(H20)^Cl2)
thf/teof
trans-(v(H20) 4C12)
teof/EtOH
(VC12 (EtOH) 2)
reflux
-) (VC10 (thf) A)
light green
dioxan
soxhlet extract
(VC12 (dioxan)) 
light blue
Three spin-allowed d-d bands are expected in the 
electronic spectra of magnetically-dilute, octahedral 
vanadium(II) compounds corresponding to the transitions
Sg * Sg'V' Sg + Sg(F) Sg + S g (v3> (21(9>)'
These absorptions are normally located in the visible-to-near-
infrared region of the electromagnetic spectrum. The ligand
field parameter lODq is equal to the energy of in the
3
spectra of d complexes. In 0^ symmetry as the value of lODq
increases the effect of configuration interaction between 
4 4
T^^(F) and T i g ^  to lower the ratio ^rom
theoretical value of 1.8 to about 1.5 to 1.7 (153)^ when 
ligands of different crystal field strengths are coordinated 
to a metal they generate a lower symmetry field by tetragonal
distortion (0^ -»■ . In tetragonal symmetry the ground
4 4 4state becomes a B, term and the excited T~ and T n (F)lg 2g lg
4 a 4 4levels are split into two components Eg + A2g +
4 bEg respectively. Splitting of the former is usually greater
than the latter, for which splittings may be poorly resolved
because of broad band widths. The Racah parameter, B*, was
determined from the relationship 15B1 ~ v2 + v3 “ slnce
V3, \>2 and could be identified in the spectra. The value of
was then deduced from the equation 3= B'/B where B is
the free ion value for vanadium(II) (766 cm . Calculated
values of and were obtained using a secular determinant 
(43(a))
The band maxima found for (V(MeOH) g) B ^  correspond closely 
to those reported for (VtMeOHjg)^ ( Table 4.2 ). The bands 
in the spectrum of (VB^ (dppe) are quite well defined which 
would not be expected if there was tetragonal distortion in 
this complex. Therefore bromide and phosphine must have
similar ligand field strengths as ligands of different 
strengths would distort the electronic spectrum. The value 
of B* in the phosphine complex is lower than for the other 
complexes shown in Table 4.2 which indicates there is greater 
covalency in the bonds of this complex, possibly because of 
II-back-bonding from vanadium to the phosphine ligands. The 
value of 3 found for (VB^Cthf^) is close to unity which tends 
to suggest the band maxima are not well defined in the spectrum 
of this complex. However, the calculated values of and 
\>2 are close to the spectral values for all the complexes 
indicating they all have octahedral stereochemistries.
The values measured for (V(MeOH)g)Br2 , (VBr2 (dppe)2)
and (VBr2 (thf)2) f 3.73 yg , 4.05 y^ and 3.73 y£ respectively
are close to the spin only value for a magnetically-dilute 
3
d ion (3.87 yg). Vanadium(II) complexes of the type
(V_X2L2) ( X = Cl or Br, L = ^ 0  (24) ; X = Cl, L = EtOH {43) ;
(42)X = Cl, L — ^ 0 ,  MeOH, thf or py ) have been prepared
and their magnetic moments are in the range 3.2 to 3.4 y atB
room temperature. The hydrates have been shown to exhibit
(24)antiferromagnetic behaviour and these complexes are
thought to have polymeric, tetragonal structures with 
bridging halogen atoms. The close to spin-only magnetic 
moment found for (VB^ (.thf) 2) may appear to exclude, this 
complex from the above group. However, (VB^ (thf) 2) may 
exhibit antiferromagnetic behaviour at lower temperatures 
and a low temperature magnetic susceptibility study of 
(VBr2 (thf)2) would further characterise this complex.
The proposed structures for the tetrahydrofuran , methanol 
and 1,2-bis(diphenylphosphino)ethane complexes, on the basis
of their magnetic moments and electronic reflectance spectra, 
are shown in Figure 4.5.
It is clear from this work that mononuclear vanadium(II) 
complexes, hitherto inaccessible, may be prepared via 
(VBr2 (thf) 2) .
Br -Br
,11
Br
o
VBr2 (thf)2 
ocathedral polymer
\ i
Br
/
/ v
/
________ _  P
II
Br
trans-(VBr2 (dppe)2) 
octahedral
MeOH
HOMeMeOH
II
MeOH HOMe
MeOH
(V(MeOH)jBr0 
b 2.
octahedral
CHAPTER 5
REACTIONS OF ORGAN OHYDRAZINE S 
WITH VANADIUM (III) CHLORO-COMPLEXES
5.1 Introduction
The reduction of dinitrogen to ammonia by vanadium(II) 
systems is not well understood despite several attempts to 
elucidate the reaction routes and mechanisms involved ( Chapter 
1 ). However, the reactions of vanadium complexes with amines 
and azo compounds have been investigated.
In an early study vanadium(III) chloride was shown to 
undergo solvolysis of one V-Cl bond upon reaction with primary 
and secondary aliphatic amines to give products such as 
VC12 (NHMe).5NH2Me . in addition simple adducts, VC13.3NH2R,
and complex salts (NH^R) (VCl^ (NHR) (NH2R)2) appeared to be 
formed with higher members of the primary amine series ( R = 
n-Pr, n-Bu or n-Pent ).
Organometallic complexes of vanadium have been isolated 
which contain dinitrogen residues. A bis(trimethylsilyl)- 
hydrazido(2-) complex has been prepared from vanadocene 
(Equation 5.1)^*^.
(V(cp)2) + Me3SiN=NSiMe3 ------> ( (cp) 2V=N-N (SiMe3) 2)
(5.1)
(155)
Also, vanadium-azo complexes can be prepared from vanadocene 
as shown in Equation 5.2.
(V ( cp) 2) + R-N=N-R > (V ( cp) 2 (R-N=N-R) ) (5.2)
( where R-N=N-R = azobenzene or benzo-(c)cinnoline )
The related titanium complex, (Ti(cp)2 (PhN=NPh)) was also 
prepared and its structure solved by single crystal X-ray 
analysis. The azobenzene is bound side-on in the cis 
conformation and this is believed to be the case in the 
analogous vanadium complex. Oxidation of (V(cp)2 (PhN=NPh))
with C>2 or I2 liberated azobenzene. Hydrolytic displacements 
with HCl and aqueous ethanol give (VCl2 (cp)2) and 1,2-dipheny 1- 
hydrazine respectively, supporting the presence of the V(cp)2 
unit and attachment of the N-N system to the metal through tt- 
interaction. This conclusion was further vindicated by the 
exchange reaction between Ph2N2 and CH3C>2CCsCC02CH3 (Equation
5.3)
(cp),V
Ph
I
N
N
I
Ph
CO, CH,
I
c
C02 CH:
Cep), v: + Ph2 N 2
C
I
C0„CH
I
c o 2c h 3
'2 " ' 3
(5.3)
Recently, organo-diazenido, -hydrazido(2-) and -hydra- 
zido(l-) derivatives of titanium(IV) have been prepared from 
(Ti(cp)Cl2) for the light that they might throw on the 
intermediates involved in nitrogen fixation processes; 
the reaction of some organohydrazines with vanadium(III) 
complexes (VC13 (MeCN)3) and (VCl2 (thf)2) were investigated 
for the same reason and are reported as follows.
5.2 Experimental
All reactions were carried out with deoxygenated solvents 
using the techniques outlined in Chapter 7. The preparations 
of (VCl^(MeCN)2) and (VCl2 (thf)2) and solvent purification are 
described in Chapter 3.
5.21 Reaction of 1,1-methylphenylhydrazine with (VCl^(MeCN)2) 
and (VCl3 (thf)3)
Analytical data for the materials isolated in these
preparations are given in Table 5.1. Several materials have 
not been fully characterised and are identified as JBl etc.
JB1
(VCl^(MeCN)3) (0.40g, 1.43 mmol) was dissolved in aceto-
3
nitrile (60 cm ) to give a green solution. To this solution
3
1,1-methylphenylhydrazine (0.70 cm , 5.72 mmol) was added.
The purple coloured solution which formed immediately was 
stirred for 30 minutes, and then evaporated to dryness to 
yield a purple-brown residue. This was stirred for 1 hour with
3
dry, deoxygenated diethylether (20 cm ), and the remaining 
purple solid was filtered off and dried under vacuum (JBl, 
yield = 0.44g). '
JB2 and JB3
To see if the nature of the starting material affected
the reaction (VCl3 (thf)3) (2.37g, 6.34 mmol) was dissolved in
3deoxygenated tetrahydrofuran (50 cm ). This gave a purple
3
coloured solution to which 1,1-methylphenylhydrazine (3.10 cm ,
25.4 mmol) was added to give a dark purple solution. After
3
stirring for 1 hour this was 1 layered ’ with n-pentane (100 cm )
The brown precipitate which formed after 1 week was 
filtered off and dried in vacuum ( yield = 2.53g ). This 
material contained a few red crystals one of which was separated 
for microanalysis (JB2) from the bulk material (JB3).
JB4 and JB5
To a green suspension of (VCl^(MeCN)(1.74g, 6.20 mmol)
3 3in toluene (70 cm ), 1,1-methylphenylhydrazine (3.10 cm , 25.4
mmol) was added to give a purple-brown solution. This was
stirred for 2 hours, filtered and the filtrate was ’ layered '
TABLE 5.1
Analytical data for the materials prepared from reactions of
1,1-methylphenylhydrazine with (VC13(MeCN)3) and (VCl3(thf)3)
Material Microanalysis(%) Total
C H N Vanadium(%)
JBl 42.6 
42. 8
6.3
5.2
14.6
14.7*
-
JB2 41.3 5.8 16.4 -
JB3 41.8 5.9 16. 4 -
JB4t 47.2
46.8
5.7
5.7
14.8
15.6*
-
JB5 45.7
43.2
6.2
5.9
16.8
15.2*
-
JB4/5 mixture - - - 9.6
Calculated for
VCl3 (H2NNMePh)2 41.9 5.0 13.9 12.7
VCl3 (H2NNMePh)3 48.2 5.8 16.0 9.7
(VC12 (H2NNMePh)2 (NNMePh))Cl 48.3 5.4 16.1 9.8
(PhMeNNH3) (VC13 (H2NNMePh)2) 48.1 6.0 16.0 9.7
t found to be (VC12 (H2NNMePh) 2 (NNMePh) ) Cl by single crystal 
X-ray analysis
* repeat analysis
3
with n-pentane (90 cm ) .
After 5 weeks a brown precipitate formed which contained 
some red crystals. The precipitate and crystals were filtered 
off and dried under vacuum ( yield = 2.32g ) . A few crystals 
(JB4) were separated from the powder (JB5) for microanalyses.
One red crystal was selected for X-ray structural analysis 
and subsequently found to be bis(1,1-methylphenylhydrazine)di- 
c h lorod, l-methylphenylhydrazine(2-) }vanadium(V) chloride 
( see Section 5.22 ) .
This preparation was repeated using acetonitrile instead 
of toluene. This gave a brown material containing red crystals 
also which were accidently oxidised. The n-pentane layer was 
analysed by gas chromatography. The conditions employed and 
results obtained are given in Table 5.2.
5.22 The Structure of (VC12 (H2NNMePh)2 (NNMePh) ) Cl (JB4)
A crystal was selected and sealed in a Lindemann capillary 
by the method described in Chapter 7. The structure was 
determined by Dr. D. C. Povey and Mr. G. W. Smith. Also I 
would like to thank Dr. D. L. Hughes for the figures of this 
structure. (VC12 (H2NNMePh)2 (NNMePh))Cl crystallises in the
triclinic system, with a = 16.883(3), b = 18.430(3), c -
0 0 o —
21.994 (5)_ A/ V — 6132.7 A , Z = 8, space group PI. A crystal
of approximate dimensions 0.2 x 0.2 x 0.1 mm was selected and
the intensities of 10316 unique reflections with (.sin 0)/X
^ 0.485 were measured on an Enraf-Nonius CAD4 diffractometer
with graphite-monochromated Mo-K* radiation and a w/2 0 scan
mode. A linear correction was applied to offset a decay of
18.2% during data collection. The structure was solved by
TABLE 5.2
Gas chromatographic analyses for n-pentane layers 
Sample size = 0.5 yul
Column, Length = 1.5m Diameter = 6mm
Support, Chromosorb 103 Mesh, 80-100
3 - 1Carrier Gas, Nitrogen Rate = 40 cm min
Inlet pressure = 4.8bar
3 -1Detector = FID, Flow Rates : Hydrogen = 40 cm min
3 - 1
Air = 400 cm min
Initial Column Temperature = 200°C for 5 min.
Final Column Temperature = 250°C after 10 min.
Rate of Temperature Jump = 10°C min ^
Sample Retention
Time/s
. j.
Peak Area' 
(%)
Compound
Reaction of (VC13 (MeCN)3) 77.8 89.8 . n-pentane
with ^NNMePh in MeCN 93.1 9.7 acetonitrile
Reaction of (VC13 (MeCN)3) 70.0 73. 1 n-pentane
with H2NNHPh in MeCN, 85.2 12.6 acetonitrile
JB7 and JB8 246. 4 7.7 benzene
803.0 1.7 unknown
894.7 4.8 aniline
Reaction of (VC13 (MeCN) 3) 70.2 76.1 n-pentane
with H2NNHPh in MeCN 84.7 11.2 acetonitrile
JB9, JB10 and JB11 245.8 3.4 benzene
721.4 4.9 unknown
895.7 4.4 aniline
t only peak areas > 0.5% are given.
Patterson and Direct Methods to derive 4V and 12C1 positions, 
followed by normal heavy atom methods and refined to R = 16% 
for 6360 observed reflections.
The overall standard deviations of bond distances were
limited by the restricted data set consequent upon heavy crystal
o o
decay V-Cl distances, a -0.005 A; V-N distances, a - 0.015 A,
o
N-C and C-C distances, a - 0.02 A. Mean phenyl bond distance 
o
= 1.36(5) A. All the quoted distances and angles in the 
following description are mean values over the four independent 
groups.
The coordination about the vanadium exhibits a pseudo- 
mirror-plane in a pentagonal bipyramidal arrangement ( Figure
A
5.1 ). The axial hydrazine residue is linear, V-N-N 174.4- 
(19)° with coordination about the exo-nitrogen trigonal planar. 
This does not permit the presence of N-hydrogen and so this
residue can be formulated as a hydrazido(2-) ligand (^®) .
o o
The bond lengths, V-N = 1.696 (24) A and N-N = 1.295(17) A are
similar to those found in ( c p V = N - N ( S i M e ^ ) ^  _
o o
1.666 (6) A and N-N = 1.399 (9) A ). which also has a linear
V-N-N, and are consistent with other complexes assigned
(19)hydrazido(2-) ligands
There are two coordinated chlorides, one of which is trans
to the axial hydrazido(2-) ligand and has a longer V-Cl
o
separation (2.478 (10) A) . This is presumably due to the trans­
influence of the hydrazido(2-) ligand. The shorter V-Cl
o
separation (2.321(2) A) is not affected by a trans ligand.
The side-on residues form isosceles triangles V-N-N, with
o o
N-N averaging 1. 455(5) and 1.440(19) A, and V-N around 2.1 A.
The N-N distances are longer than found in hydrazido(1-)-
FIGURE 5.1
Cl
(1
2)
complexes of titanium (1.41 A), and are close to the
o
expected value for a single bond ( N-N = 1.47 A in hydrazine
(15 7) ^itself ) . Furthermore, Ti-N separations are 1.8 A
o
( involving Ti and anionic N ) and - 2.1 A, ( Ti and neutral 
N 0. Therefore, the side-on residues in this complex can be 
formulated as neutral hydrazines and this is also consistent 
with the roughly tetrahedral geometries found about the NMePh- 
nitrogens. This formulation is confirmed by the way in which 
the four groups are bound via hydrogen bonding, described below.
The four anionic (VC12 (H2NN(Me)Ph)2 (NNMePh))+ groups and 
four chlorides form a tetranuclear oligomer by hydrogen-bonding 
( Figures 5.2 and 5.3 ). There are sixteen hydrogen bonds 
with every N-hydrogen involved together with four chlorides 
and four axial chloro-ligands. The N-Cl separations and 
spatial arrangement of bonds are consistent with this hydrogen 
bonding network even though individual hydrogen atoms cannot 
be located with this data set. The chloro-ligands in the 
pentagonal plane do not take part in the hydrogen bonding so 
are assumed to be the least negative chloro species present.
The sixteen hydrogen bonds can be divided into three 
distinct groups. There are two square arrangements involving 
chlorides at the top and bottom of the cluster ( Figure 5.2 )
Q
with eight hydrogen bonds ( N-H Cl ~ 3.16 A ). Four hydrogen
o
bonds in the sequence V-Cl H-N-V-Cl ( N-H Cl ~ 3.31 A )
surround the * waist ' of the cluster and lastly there are
o
Four 1 vertical 1 bonds to the chlorides ( N-H— -Cl ~ 3. 11 A ) 
adding internal strength to the cluster ( Figure 5.3 ).
Apart from having an oligomeric structure based on an 
extensive and cooperative array of hydrogen bonds this complex
FIGURE 5.2
N
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1
6
)
FIGURE 5.3
is the first example of hydrazine and hydrazido(2-) in the same 
coordination sphere. Also, it is only the second example of 
side-on coordinated hydrazine, the first being (mo(C5H5) (NO) I-
hydrazines rather than one. The significance of this complex 
with respect to dinitrogen fixation is discussed at the end of 
the chapter.
5.23 Reactions of phenylhydrazine with CVCI^(MeCN)
Analytical data for the materials isolated in these 
preparations are given in Table 5.3.
JB6
3
Phenylhydrazine (0.58 cm , 5.28 mmol) was added to a green
solution of (VCI^(MeCN) (0.37g, 1.32 mmol) in acetonitrile 
3
(40 cm ). The solution changed to a dark purple colour the
instant the phenylhydrazine was added. After stirring for
1 hour the solvent was evaporated off to give a purple residue.
3
Diethylether (25cm ) was added and this mixture was stirred 
overnight. A purple suspension was formed. The solid was 
filtered off and dried in vacuum ( yield = 0.6 4g ).
JB7 and JB8
3
Phenylhydrazine (4.30 cm , 39.4 mmol), freshly distilled 
under vacuum at 150°C, was placed in a solution of (VCI^(MeCN) 
(2.76g, 9.84 mmol) in acetonitrile (100 cm ). A purple 
solution formed straight away and after stirring for 1 hour a 
purple material was precipitated. The mixture was heated 
under reflux for 15 minutes in an attempt to redissolve the 
precipitate and this modified the reaction since the solution 
and precipitate became brown. The precipitate was filtered 
off and dried under vacuum ( JB7, yield = 0.71g ).
(159) but the vanadium complex has two side-on
TABLE 5. 3
Analytical data for the materials prepared by reaction of 
(VCl^(MeCN)3) with phenylhydrazines
Material Microanalysis(%) Total
Van adi um ( %)
. C H N
V m  A W i v i X Mill \ U /
JB6 42.6
42.2
5.1
4.9
16.4
15.9* -
JB7 6.8 4.9 16. 4 -
JB8 32.7 5.4 19.8 -
JB9 42.1 5.6 19.3 -
JB10 38.6 5.7 19.6 -
JB11 31.7 5.3 18.7 -
JB9A 2.9 7.6 25.0 0.0
JB9B 42.9 6.2 11.5 14.9
Calculated
for
NH -Cl 4 0.0 7.5 26.2 0.0
VCl3 (H2NNHPh|) 2 38.6 4.3 15.0 13.6
VCl3 (H2NNHPh)3 44.9 5.0 17. 4 10.6
(VC12 (H2NNPh)2- 
(NNHPh))Cl
45.1 4.6 17.5 10.6
* repeat analysis
3The filtrate was ' layered ' with n-pentane (100 cm ) 
and after about 2 weeks a brown precipitate formed which 
contained a few red crystals. This mixture was filtered off 
and dried in a vacuum ( JB8, yield = 1.05g ).
The n-pentane layer was analysed by gas chromatography; 
the conditions employed and results obtained are given in 
Table 5.2.
JB9 , JB10 and JB11
(VC13 (MeCN)3) (2.37g, 8.45 mmol) was dissolved in
3
deoxygenated acetonitrile (90 cm ). To this solution phenyl-
3
hydrazine (3.70 cm , 25.8 mmol) was added and the resulting
dark purple solution stirred for 2 hours. This solution was
3
then concentrated to 40 cm and ' layered 1 with n-pentane
3
(100 cm ). A purple precipitate formed overnight which was 
filtered off and dried under vacuum for 1 hour ( JB9, yield =
2.34g ). Except for the N analysis JB9 appears similar to
JB6 ( Table 5.3 ). A portion of JB9 was further dried at
50°C in a vacuum for 2 hours (JB10).
After 2 weeks some brown powder containing crystalline 
material was removed from the filtrate and dried under vacuum 
( JB11, yield = 0.58g ) .
The n-pentane layer was analysed by gas chromatography 
( Table 5.2 ) .
JB9A and JB9B
In an attempt to recrystallise JB9, 2.00g was placed in
3
tetrahydrofuran (100 cm ). An intense purple solution with 
undissolved material was formed and the mixture was heated
under reflux for 2 hours. On cooling a light purple suspension 
appeared. This was filtered off and dried under vacuum 
( JB9A, yield = 0.27g ).
The filtrate was evaporated to dryness to give a purple
tar. A purple material was precipitated from this tar by
3
addition of n-pentane (60 cm ) , filtered off, and dried in a 
vacuum ( JB9B, yield = 0.79g ).
5.2.4 Reaction of 1,2-diphenylhydrazine with (VCl^(MeCN)
Analytical data for the products of this reaction are 
given in Table 5.4.
A green solutdon of (VCl^(MeCN)3) (2.88g, 10.3 mmol) in
3
acetonitrile (60 cm ) was mixed with an orange solution of
1,2-diphenylhydrazine (7.57g, 41.2 mmol) in acetonitrile
3
(.40 cm ), and a brown solution formed. After stirring for 
1 hour this solution was filtered, and the filtrate was placed 
in a refrigerator overnight at 0°C. A yellow suspension 
formed. This was filtered off, dried in a vacuum, and analysed 
( JB12, yield = 2.56g ). An attempt was made to recrystallise 
this material from tetrahydrofuran but a mixture of purple 
and yellow materials was precipitated and consequently discarded.
The filtrate from the original reaction was evaporated to 
dryness to give a purple-brown residue to which deoxygenated
3
toluene (.80 cm ) was added. This mixture was stirred for 2 
hours and left overnight. A purple precipitate formed which 
was filtered off, washed with dry, deoxygenated diethylether
3
(35 cm ) and dried under vacuum ( JB13, yield •= 0.54g ) .
The filtered solution was returned to the refrigerator at 
0°C and after 1 week a grey suspension formed. The solid was
TABLE 5.4
Analytical data for the products from the reaction of
1,2-diphenylhydrazine with (VCI^(MeCN)
Material Colour Analyses(%) Total
C H N Vanadium (%)
JB12 yellow 46.7 4.8 10.3 -
JB13 purple 44.9 4.6 8.8 11.5'
JB14 grey 47.6 4.6 9.2 10.3
JB15A red/
orange
78.8 5.6 14.8 -
JB15B red/
orange
79.0 5.4 15.8
Calculated
for
PhN=NPh red/
orange
79.1 5.5 15.4 -
v c i 3-
(H2NPh)3 49.5 4.9 9.6 11.7
3filtered off, washed with diethylether (25 cm ) as above, and 
dried under vacuum ( JB 14, yield = 0.18g ).
The brown-red filtrate did not change colour when exposed
3
to air. Therefore it was concentrated to 40 cm in air and 
then kept at 0°C for a few days. A small amount of black 
material, thought to contain vanadium, was filtered off after 
this time and the solution obtained was taken to dryness on a 
rotary evaporator. This yielded red-orange crystals ( JB15A,
3.22g ) shown to be azobenzene by analysis and n.m.r. spectro­
scopy ( below ). After recrystallisation from ethanol/water 
( 80/20, JB15B ) the melting point was found to be 6 8°C, 
exactly that expected for azobenzene.
5 . 3 Spectroscopic Data,
In the reflectance spectrum of JB4/5 containing 
(VCI2 (f^NNMePh) 2 (NNMePh) )Cl ( Figure 5.4 ) there was intense 
absorption over the whole spectral range and there are no bands 
assignable to d-d transitions. The magnetic moment of JB4/5 
was found to be 1.57 ( calculated as (VCI2 (I^NNMePh) ^  (NNMePh) ) Cl) . 
Despite this paramagnetism, the 'H n.m.r. spectrum was obtained 
( Figure 5.5 ) in CD^OD with T.M.S. as the internal reference.
The solvent was deoxygenated and JB4/5 added in the nitrogen 
box. The solution was syringed into the n.m.r. tube which 
was closed with a septum. The ' H n.m.r. spectrum of 1,1-methyl­
phenylhydrazine was measured in the same manner ( Figure 5.6 ).
The bands in both spectra at 6 = 3.35 ppm and 6 = 4.8 ppm 
can be assigned to the methyl and hydroxyl protons repsectively 
of the incompletely deuterated CD^OD . These bands are
more intense in the spectrum of JB4/5 because of the insolubility
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FIGURE 5.5 90 MHz * H proton n.m.r. spectrum of JB4/5 
( S = solvent )
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FIGURE 5.6 90 MHz *H proton n.m.r. spectrum of 
methylphenylhydrazine
( S = solvent )
of this material. The signal at 6 = 3.00 ppm in the spectrum 
of 1 ,1-methylphenylhydrazine has an integral corresponding to 
3 protons and can be assigned to the methyl protons. The 
unresolved bands around 6 = 7  ppm have a total integral 
equivalent to 5 protons and therefore are due to phenyl protons. 
There are no bands assignable to NI^ protons. The spectrum of 
JB4/5 has three well resolved single bands at 6 = 3.20, 2.80 
and 2.05 ppm which are in the region expected for methyl protons. 
This indicates that the methyl groups in JB4/5 are in three 
different environments. Furthermore since there is no band at 
6 = 3.00 ppm then there is no free 1,1-methylphenylhydrazine 
in JB4/5. There are many unresolved bands around 7.2 ppm in the 
spectrum of JB4/5 which can be assigned to phenyl ring protons. 
Peak integration was poor in this spectrum and so does not 
permit the accurate determination of proton numbers.
The 'H n.m.r. spectra of JB15A ( Azobenzene ) and
1,2-diphenylhydrazine were measured in CDCl^ (Figures 5.7 and 
5.8 respectively ).
The band at 6 = 5.5 ppm in the spectrum of 1,2-diphenyl­
hydrazine has an area corresponding to two protons and so can 
be assigned to the amino hydrogen atoms. The two sets of 
unresolved bands at 6 = 6.8 ppm and 8 = 7.2 ppm have integral 
areas in the ratio 3:2 respectively, so the bands at 7.2 ppm 
can be assigned to the four phenyl protons ortho to the nitrogen 
bands and those around 6.8 ppm to the other phenyl hydrogens.
The sets of bands at lower field are due to impurities in the 
sample. As expected for azobenzene, there are no bands which 
can be assigned to N-bonded hydrogens in the spectrum of JB15A. 
The bands at 7.9 0 ppm in this spectrum have an area corresponding 
to 4 protons and are assigned to the ortho hydrogen atoms of
FIGURE 5. 7 90 MHz *H n.m.r. spectrum of JB15A ( azobenzene )
o 67910 8 6 51 1 3 2
FIGUKE 5.8 90 MHz 'H proton n.m.r. spectrum of «
1,2-diphenylhydrazine
azobenzene. The bands at 7.SO ppm have an integral equivalent 
to 6 protons and are assigned to the remaining phenyl protons. 
The double bond between the nitrogens in azobenzene would be 
expected to cause the phenyl hydrogen signals to move to lower 
field compared with those in 1,2-diphenylhydrazine and this 
was found to be the case. This spectrum (JB15A) is identical 
to the standard spectrum of azobenzene .
Selected infrared data for the materials obtained by 
reaction of (VC1^( M e C N ) o r  (VCl^(thf) p  with 1,1-methylphenyl­
hydrazine, phenylhydrazine and 1 ,2-diphenylhydrazine are given 
in Tables 5.5, 5.6 and 5.7 respectively. The assignments made 
were based on those of similar complexes reported in the 
literature ' -^2 ' . The infrared data and the other
results are discussed below.
5.4 Discussion
The microanalyses for JB4 ( Table 5.1 ) are close to the 
calculated values for (VC^ (^NNMePh) ^  (NNMePh) ) Cl the structure 
of which has been described above. The analyses for the brown 
powder obtained from the same reaction (JB5) are not so close 
to these values. However the vanadium content of the JB4/5 
mixture (9.6%) is close to the calculated value for the complex 
(9.8%). Also, all the materials prepared using 1,1-methyl­
phenylhydrazine have similar infrared spectra ( Table 5.5 ) and 
yield black products on exposure to the air, probably due to 
hydrolysis. The highly sensitive nature of these materials 
makes accurate microanalyses difficult.
Possible reaction paths to give (VC^ (H2NNMePh) 2 (NNMePh) ) Cl 
are shown in Scheme 5.1. Residues obtained by decomposition 
of 1,1-methyldiphenylhydrazine are not postulated since none
TABLE 5.5
Selected infrared data for the materials obtained by reaction of
(VC13 (MeCN)Q and (VCl3 (thf)3) with 1,1-methylphenylhydrazine
Infrared Bands (cm *^) Assignments
PhMeNNH2 JBlt JB2/3 JB4* JB5
3330s 3100b 3140b 3160b 3140b V (NH)
1600sb 1600s
1570m
159 4s 1596 s 
1573m
1595s
1574s
6 (NH) 
in plane 
bending
760s
740s
695s
760s
700s
755s
695s
750s
690s
750s
690s
6 (CH)
out of plane 
bending
555s
520s
560m 550m 550s 550s
t  poor mull
* shown to be (VC12 (H2NNMePh).2 (NNMePh) ) Cl
Note : JB2/3 was prepared from (VC13(thf)3) and the other
materials from (VC13 (MeCN) 3) .
TABLE 5.6
Selected infrared data for the materials obtained by reactions
of (VCl^(MeCN)3) with phenylhydrazine
Infrared Bands (cm 1) Assigments
H2NNHPh NH,C1+4 JB6 JB7 JB8 JB9A JB9B
3340s 3300wb
3240m
3330w
3260m
33l0w
3200mb V (NH)
3200b 3150w
3100w
3120b 3150wb 3120s
3025s
2700mb NH +2 asym
and sym
stretch in
Ph(n h 2)n h 2
- .1750b - 1750b - 1750b - 6 (NH ) 
d 3
1605s - 1605s - 1596s - 1602s 6 (NH) in 
plane bending
- 1050b - 1020b - 1020mb -
760s
700s
769s
696s
— 760s
696s
757s
697s
6 (CH) out 
of plane 
bending
- 725sb - 720b - 725mb -
510m - 502m 507s - 530m
— 460b - 460b - 460b -
+ poor mull
TABLE 5.7
Selected infrared data for the products obtained by reaction of
(VCl^(MeCN)3) with 1,2-diphenylhydrazine
Infrared Bands (cm 1) Assignments
PhHNNHPh JB12 JB13 JB14 JB15 At
3330s 3220s 3210m 32 80m —
3140s
3050m
3140m 3220m v (NH)
- 2300s 2600mb 2600m — NH„+2 asym. and
sym. stretch
in Ph(NHPh)NH2^
1600s 1608s 1606m 1603m _ 6 (NH) in plane
1587s 1585s 15 82m 15 85m 1585vw bending
757s 755s 755s 743m 780s 6 (CH) out of
700s 694s 6 93 s 693m 694s plane
bending
520m 540s 530s 5 40mb 525m
550m
t azobenzene
Scheme 5.1 Possible reactions ofjyCl^L^]( L = MeCN or thf ) 
with 1,1-methylphenylhydrazine to give 
(VC12 (H2NNMePh) (NNMePh)] Cl
Cvci3l31
+ 4H2NNMePh
(VC1_ (H NNMePh) J ?3 2J
>1
JBl ?
+ 4H2NNMePh
V
disproportionation ?
CVC13 (H2NNMePh) J ?   " 2/3 (phMeNH J  -
JB2-3 ?
3' * V-
[VC13 (H2NNMePh) 0)
JB5 ?
+
1/3 CvCl2 (H2NNMePh) • 
(NNMePh)] Cl
JB4
Scheme 5.2 Possible disproportionation of 1,2-diphenylhydrazine 
in the presence of £vci3 (MeCN)3} to give azobenzene
MeCN
(VC13 (MeCN) 3) + 4PhHNNHPh ■> 2 PhN=NPh +
4 PhNH2
reacts further to 
give vanadium complexes
were detected by gas chromatography of the n-pentane layer
( Table 5.2 ). However, further work is needed to analyse the
acetonitrile, toluene and tetrahydrofuran layers of these
reactions before decomposition residues can be completely
eliminated from the reaction scheme although similar products
were formed in all these solvents (Table 5.1 ). Vanadium(III)
chloride forms a trigonal bipyramidal complex with two tri-
(2 8)methylamine molecules occupying the axial positions , and
so 1,1-methylphenylhydrazine may complex similarly during the 
early stages of reaction to give (VCl^ (H2NNMePh) 2) . The 
existence of the six coordinate complex (VCl^(H2NNMePh)3) 
has been postulated because a purple coloured adduct of n- 
butylamine, (VCl^ (n-BuNH2) 3) is known  ^ . Furthermore,
since purple complexes of the type (NH^R ) ( VCl^ (NHR) (NH2R) 2)
(R = n-Bu, n-Pr or n-Pent) are also formed by primary amines the 
presence of (PhMeNNH3 ) ( VC13 (H2NNMePh)2) is feasible.
Disproportionation of cyano-vanadium(III) complexes to
(26)vanadium(IV) and vanadium(II) complexes has been reported 
However, in Scheme 5.1 the disproportionation results in a 
mixture of vanadium(V) and vanadium(II) in the ratio 1:2 
respectively. The vanadium(V) complex (VC12 (H2NNMePh)2)- 
(NNMePh))Cl was isolated as crystals (JB4) which were accompanied 
by a brown powder (JB5), possibly (PhMeNNH3)(VC13 (H2NNMePh)2) .
The calculated percentages for the two complexes are similar 
( Table 5.1 ) as the analyses for JB4 and JB5. However, this 
reaction scheme ignores the possibility of multinuclear 
complexes and hydrazido(1-) complexes both of which are plausible. 
Therefore further work is necessary to elucidate the nature of 
these reactions. Since 1,1-methylphenylhydrazine loses two 
protons to form hydrazido(2-) in (VC12 (H2NNMePh)2 (NNMePh)) Cl
the addition of triethylamine in future preparations may help 
to remove protons and lead to cleaner products.
The reactions of phenylhydrazine with (VCl^(MeCN)gave 
many decomposition products. Aniline and benzene were found 
in the n-pentane layers by gas chromatography as well as 
considerable amounts of materials with unknown compositions 
( Table 5.2 ). Furthermore, on heating the mixture under 
reflux (JB7) or recrystallisation from hot tetrahydrofuran 
(JB9A) insoluble materials were obtained which had infrared 
spectra similar to that of ammonium chloride t Table 5.6 ).
The analysis of JB9A was close to that expected for NH^Cl 
( Table 5.3 ). A possible intermediate between phenylhydrazine 
and ammonium chloride is (Ph(NH2)NH2)+ which was identified 
in the infrared spectrum of JB6 ( Table 5.6 ). Therefore 
because of the decomposition of phenylhydrazine during these 
reactions the nature of the materials prepared is uncertain 
and further work is needed to characterise them.
The reaction of 1,2-diphenylhydrazine with (VCl^(MeCN)3) 
gave azobenzene in a 43% yield. Therefore this may have 
occurred via disproportionation of 1,2-diphenylhydrazine as 
shown in Scheme 5.2. The aniline postulated might then react 
further to form vanadium complexes such as (VCl^(PhNH2)3) 
and indeed the other materials prepared (. JB12, JB13 and JB14 ) 
have analyses close to the calculated values for this complex 
(. Table 5.4 ). However, the infrared spectra of these materials 
all have bands assigned to (Ph(NHPh)NH2)+ so these materials 
must be further characterised.
The characterised products of these reactions may help 
to define possible intermediates present in dinitrogen
reduction even though the mechanisms by which they are formed 
are uncertain. The coordinated hydrazines in (VC12 (P^NNMePh)2 
(NNMePh))Cl lend support to side-on coordination in a proton­
ation scheme N2 , NNH2 , NHNH2 , N2H^ (164)^ Furthermore
the extensive hydrogen bonding in this complex indicates that 
interactions such as these may be important during reduction 
of dinitrogen.
CHAPTER 6
MISCELLANEOUS INVESTIGATIONS 
COMPLEXES OF VANADIUM(II) 
AND VANADIUM(III)
In this chapter some preliminary investigations of
j'
catecholato-; , aryloxide- and hydrazine complexes of
relevance to dinitrogen fixation are described. In addition 
vanadium(III) dimethoxyethane complexes with unusual 
compositions, which could be used in the preparation of other 
vanadium complexes are discussed.
6.1 Attempted Preparations of Vanadium(II) Catecholates
The aims of this part of the work were to prepare and
characterise complexes of vanadium(II) with catechol and
thereby elucidate the structures of complexes which may be
present in the vanadium(II)-catechol dinitrogen reduction
system. The only vanadium(II) complex with catechol reported
so far , Na2 (VfCgH^C^) 2) • has not been fully characterised
(17)^
The preparation of the vanadium(II) starting materials 
and purification of solvents are given in Chapter 4 and Chapter 
3 respectively. Dicaesium catecholate was prepared by the 
literature method as was (VCI2 (py) 4) .
Cs2 CG6H4°2^
A solution of catechol ( 1.84 g, 0.0167 moles ) in
3
deoxygenated methanol (100 cm ) was prepared. Caesium 
carbonate { 5.45 g, 0.016 7 moles ) was added to this solution 
and C02 was evolved. After 2 hours stirring a colourless 
solution had formed which was evaporated to dryness to yield 
dicaesium catecholate ( yield = 100% ). The infrared spectrum 
had no bands in the v(O-H) region and so no free catechol,
MeOH or 1^0 were present.
(VCl2 (py)4)
trans- (V(H^Q) ^ Cl^) (2.90g, 15.0 mmol) was placed with
3 3pyridine (7 cm ) in deoxygenated absolute ethanol (30 cm ).
A red solution was formed. This was heated under reflux for
2 hours and on cooling dark red crystals were precipitated.
These were filtered off and dried under vacuum for 4 hours
( yield 55% ).
Analysis: Calc, for (VC^ (py) 4): C, 54.8; H, 4.6; N, 12.8%
Found : C, 54.6; H, 4.6; N, 12.9%
Preparation A
trans- (VO^O) (0.41g, 2.11 mmol) was placed with
3
triethylorthoformate (10 cm ) and this mixture was stirred 
at 60°C for 3 hours. A green precipitate of (VCI2 (EtOH) 2) 
formed. The solvent was removed under vacuum and the ethyl
formate byproduct was removed by extraction with deoxygenated
3 3diethylether (25 cm ). Tetrahydrofuran (30 cm ) was added to
the green solid and this mixture was heated under reflux for
2 hours after which most of the solid had dissolved. The
solvent was removed under vacuum and replaced with fresh
3
tetrahydrofuran (60 cm ) . After heating for 30 minutes a
light green solution formed. This was evaporated to dryness
under vacuum to give a light green complex which was
3redissolved in tetrahydrofuran (30 cm ). Dicaesium catecholate 
(2.27g, 6.64 mmol) was added to this solution. After 
stirring for 3 hours a light green precipitate formed which
was filtered off and dried under vacuum ( yield 1.79 g ). The
light green powder was extremely air-sensitive becoming blue 
instantaneously on exposure to air.
Analysis: Calc for Cs4(VfCgH^C^) 3) : c r 23.8; H , 1.3%
Calc, for Cs4 (V(C6H402) 3) + 2 CsCl ; C, 17.3; H, 1.0%
Found: C, 17.1; H, 1.3%
Despite the above analysis and the ease with which this
material oxidised in air, the magnetic moment was found to
3
be 1.88 p_, well below the spin only value for a d ionsi
(3.87 p ) . In addition, the reflectance spectrum ( Figure
6.1 ) has two bands at 25000 cm 1 and 16000 cm 1 which 
correspond closely to the band maxima observed in the spectra 
of vanadium(III) complexes such as K3(V(C204)3) ( v2 = 23500 cm 1 
and vx = 16450 cm"1 ) and K3 (V(CH2C204) 3) ( v2 = 23800 cm"1 
and = 16450 cm 1 ) . Therefore the oxidation state of this
complex is uncertain.
Preparation B
The above material contains caesium chloride and so this 
reaction was repeated with an organic salt of catechol, 
bis(tetraethylammonium)catecholate, because the Et4NCl formed 
from reaction with this might be more easily removed.
A solution of dicaesium catecholate (11.2g, 30.0 mmol) in 
methanol (60 cm ) was prepared as above. Tetraethylammonium 
bromide (12.6g, 60 mmol) was added to this solution and after 
stirring for 2 hours the caesium bromide formed was filtered 
off. The filtrate was evaporated to dryness to yield 
bis(tetraethylammonium)catecholate ( yield = 67% ).
(V(H20)g)Br2 (1.67g, 5.23 mmol) was placed with triethyl- 
3orthoformate (20 cm ) and stirred for 1 hour to give a green 
solution. The solvent was removed under vacuum to give a 
green compound,( VBr2 (EtOH) ^  contaminated with ethyl formate
co
CM
O
aMO
U
m
u
o
o
CO
o
o
o
o
t— I
o
o
o
CO
rH
o
o
o
o
in
CO
o
oCO
o
o
o
o
o
M3
I—I o
o
M3
r<
o
o
o
o
CM
o
o
in
o
<5
o
in
CM
o
o
o
o
CO
o
o
o
o
co
o
( e jp o s  A jcp jq-Tq jrv) a o ir c q jo s q v
Which was removed by extraction with deoxygenated diethylether
3 3(30 cm ). Tetrahydrofuran (50 cm ) was added to the green
compound. A green solution formed immediately which was stirred
for 1 hour, the solvent removed under vacuum and replaced with
3
fresh tetrahydrofuran (40 cm ). The bis(tetraethylammonium)- 
catecholate prepared above was dissolved, in dichloromethane
3
(20 cm ) and added to this solution. A green-brown precipitate 
formed which was stirred for 2 hours and the solvent was 
decanted off. The precipitate bacame a yellow-green colour on
3
drying under vacuum. Diethylether (40 cm ) was added to the 
precipitate and the resulting suspension was stirred for 1 hour. 
This was filtered using the Sussex line technique ( Chapter 7 ) 
and some oxidation occurred to a blue compound. Nevertheless 
the product (4.69 g) was submitted for microanalysis after 
drying in vacuum.
Analysis : Calc, for (Et4N )4 (V(C6H 402) 3) : C, 67.0; H, 10.4;
N, 6.3%
Found : C, 48.1; H, 8.2;
N, 4.8%
Preparation C
Catecholates prepared by the previous reactions were very 
air sensitive and so difficult to handle therefore a different 
route to these compounds was attempted :
\VCI2 (py) 4) (0.17g, 1. 83 mmol) was added to a solution of
3
catechol (0.40g, 3.66 mmol) in tetrahydrofuran (100 cm ). A 
red solution formed which remained unchanged after stirring 
for 48 hours. Therefore the tetrahydrofuran was refluxed for 
4 hours during which the precipitate was filtered off and dried
under vacuum for 1\ hours. Subsequent analysis of this
material (below) indicated that it was (VCl2 (py)2) which has
(88)been observed by previous workers ( yield = 55% ).
Analysis : Calc, for (pyH) 4(VC12 (Cgl^O^): C, 58.7; H, 4.3;
N, 8.6%
Calc, for VCl2 (py)2 : C, 42.9; H, 3.6; N, 10.0%
Found : C, 44.5; H, 4.0; N, 9.4%
Further work is needed to develop preparative routes to 
vanadium(II) catecholates using organic salts of catechol.
6.2 Attempted Preparation of 2,6-diisopropylphenoxide 
Complexes of Vanadium(II) and Vanadium(III)
The purpose of this part of the work was to prepare a 
mononuclear vanadium(II) complex of an aryloxide and investigate 
its properties toward dinitrogen fixation. The 2,6-diiso- 
propylphenoxide was prepared because it was thought that the 
bulky groups in the ortho-positions would help prevent the 
formation of an alkoxy-bridged polymer.
The sodium salt of 2 ,6-diisopropylphenol was prepared as 
follows :
N a ( O C g H 2 i - P r 2 )
3
A mixture of 2 ,6-diisopropylphenol (10 cm ,54 mmol) and
3tetrahydrofuran (40 cm ) was placed in a reaction flask and 
deoxygenated. Sodium hydride (80% dispersion; 1.62g, 55 mmol) 
was added to this mixture in small portions against a flow 
of nitrogen. Hydrogen was evolved but this ceased before the 
last portion of NaH was added. The solution which resulted 
contained some unreacted sodium hydride which was removed by
filtration through ' celite 521 1 on a sinter. The solvent
was removed from the filtrate under vacuum to yield a grey
3
compound to which n-pentane (60 cm ) was added. A white 
suspension was formed and this was stirred for 30 minutes, 
filtered off and dried under vacuum for 1 hour ( yield =
70% ). There were no bands in the v(O-H) region of the 
infrared spectrum and so no free phenol was present in the 
salt. An attempt to prepare a vanadium (II) aryl oxide 
using this salt is described below.
trans-(VCl^O) (0.40g, 2.0 mmol) was placed with
3
triethylorthoformate (.20 cm ) and the blue suspension which
formed was stirred for 3 hours at 60°C to give a green
solution of VC^tEtOH^* The solvent was removed under
vacuum to give a green powder which was contaminated with
ethyl formate » The ethylformate was removed by extraction
3
with diethylether (25 cm ). The green powder was placed
3
with tetrahydrofuran (50 cm ) and this mixture was refluxed
for 1 hour to give a green solution. The solvent was removed
3
under vacuum and replaced with fresh tetrahydrofuran (30 cm ).
To the resulting green solution, sodium 2 ,6-diisopropylphenoxide
(1.85g, 9.24 mmol) was added. A dark blue-green solution
formed which contained a fine precipitate (NaCl ?). The
solution was filtered to remove this precipitate but the
filter blocked so the solution was evaporated to dryness to
3
yield a green powder. n-Pentane (40 cm ) was added to this 
powder to give a green suspension which was stirred for 
2 hours, filtered off, and dried under vacuum ( yield = 0.61g ).
Analysis *: Calc, for Na2 (V(OCgH^i-Pr3)4) : C, 71.5; H, 8.5%
Found : C, 65.9; H, 8.2%
This material probably contains sodium chloride. Similar
reactions were carried out in an attempt to prepare vanadium(III)
aryloxides, a typical reaction is given below.
Preparation A
(VCl^(MeCN)(0.40g, 1.43 mmol) was dissolved in de-
3
oxygenated, acetonitrile (.60 cm ) to give a green solution.
To this sodium 2,6-diisopropylphenoxide (_1.15g, 5.72 mmol) 
was added, a brown coloured solution formed initially which 
became an intense royal blue colour. This solution contained 
a fine white precipitate (NaCl ?). An attempt was made to 
remove the precipitate by filtration through * celite 521 1 
but this adsorbed the blue material. Therefore the remaining 
blue solution was evaporated to dryness under vacuum to yield 
a light green solid. This solid was suspended in n-pentane 
(40 cm ), stirred for lh hours, filtered off and dried under
3
vacuum. This was washed with deoxygenated acetonitrile (.30 cm ) 
and a blue solution passed through the filter. An insoluble 
blue-white precipitate remained on the filter which gave an 
orange flame test (.NaCl ?) . The blue filtrate contained a 
fine white precipitate which could not be removed despite 
repeated filtrations and so this solution was evaporated to 
dryness to yield a green powder (0.20g).
Analysis : Calc, for VCOCgH^i-P^) ^  : C, 74.2; H, 8.8%
Found : C, 67.0; H, 8.5%
The blue solution formed on addition of acetonitrile to 
the green material indicates that MeCN formed an adduct with 
this material. On drying under vacuum the acetonitrile was 
removed to give the original green material. However, as with
the vanadium(II) preparation it was difficult to remove sodium 
chloride formed during the reaction. Furthermore the material
prepared may have a polymeric structure as was found for the
alkoxides I of vanadiumi(IH) */ V(OMe)~ and V(OEt) ■ -d--^ ) ^
[  1
Therefore an alternative route to an aryloxide of 
vanadium(III) was attempted as follows :
Preparation B
A green solution of (VCl^(MeCN)(2.53g, 9.00 mmol) in 
3
acetonitrile (80 cm ) was prepared. To this 2 ,6-diisopropyl-
3
phenol (6.5 cm , 36 mmol ; freshly distilled under vacuum at 
150°C) was added and the solution remained a green colour. 
Triethylamine (5 cm , 36 mmol; distilled under reduced 
pressure) was injected into this mixture. There was an 
exothermic reaction immediately and the solution became a 
dark purple colour. An off-white precipitate formed which 
was shown to be Et^NHCl by analysis of the infrared spectrum 
in a similar experiment. After stirring for 2 hours this 
mixture was evaporated to dryness under vacuum to give a 
purple-red residue. This residue was shaken with n-pentane
3
(100 cm ) which becameadark red colour. This mixture was 
filtered and the solvent was removed from the red filtrate 
under vacuum to give a red oil. Addition of acetonitrile 
(60 cm^) to this oil followed by cooling at 0°C for one week 
gave a few dark red needle-like crystals which were filtered 
off and dried under vacuum ( yield - 0.lg ). Despite further 
cooling no further crystallisation occurred and so the red 
oil was discarded. It may be possible to determine the 
structure of this material by single crystal X-ray analysis 
and this is currently being investigated.
Further work is needed to develop routes to vanadium(II) 
and vanadium (III) arylpxides. In future preparations it may­
be possible to use organic salts of substituted phenols to 
cleanly obtain mononuclear, aryloxides. j
6.3 Preparation Of a Vanadium(II) Complex containing Hydrazine
(2 12)Hydrazine can be detected in vanadium(II) systems ' 
but no complexes have been isolated. Therefore an attempt was 
made to prepare a hydrazine complex of vanadium(II) as follows :
(VCI2 (py)4) (0.89g, 2.30 mmol; prepared as outlined in
3
6.1) was dissolved in deoxygenated tetrahydrofuran (80 cm ) to
3
give a dark red solution. Hydrazinehydrate (0.335 cm , 6.90 
mmol) was injected into this solution and a dark brown 
precipitate formed immediately which was stirred for 1\ hours. 
There was no change in the precipitate after leaving overnight 
and so it was filtered off, and dried under vacuum for 2 hours. 
This gave 0.55g of dark brown powder.
Analysis : Calc, for V C ^  ( ^ N N ^ )  2 5 ^ 2^  ^P^ o 2 :
H, 5.6; N, 30.9% 
Found : C, 5.0; H, 6.0; N, 30.8%
The infrared spectrum of this powder has bands at' 3190 cm  ^ and
1590 cm which may be assigned to v(N^) and 6(1^^) respectively
This corresponds closely to the bands observed in the spectrum
of hydrazine -(--^ 3 .(c)) ( 3280 cm” '*' and 1587 cm ^ ) . However,
further work is required to characterise this complex and
carry out further preparations of this type.
6.4 Preparation of 1,2-dimethoxyethane Complexes of Vanadium(III)
The aims of the preparation were to re-make and characterise 
the violet vanadium(III) material previously prepared during 
the attempted synthesis of VC^fdme) ( chapter 4 ).
Vanadium(III) chloride (5.87g) was placed with deoxygenated
3
1.2-dimethoxyethane (120 cm , freshly distilled from sodium 
wire). This mixture was heated under reflux for 1% hours and 
a violet solution formed which was allowed to cool slowly 
overnight. A violet suspension appeared which was filtered off 
and dried under vacuum ( yield = 5.88g ).
Analysis : Calc, for VCl^fdme)^  ^ • C, 21.7; H, 4.6%
Found : C, 21.5; H, 4.8%
An attempt was made to recrystalise this material as follows :
The violet material (1.57g) was suspended in deoxygenated
3
1.2-dimethoxyethane (90 cm ) and the solvent was refluxed for
9 hours which gave a blood red solution containing a small
amount of violet precipitate. The precipitate was filtered
off and discarded. The filtrate was concentrated to a volume
of 40 cm and placed in a refrigerator at 0°C. Initially a
violet precipitate formed on the sides of the flask, but after
one week the solution became a green colour. After a further
week a few emerald coloured crystals had formed and these were
filtered off and dried under vacuum. The green filtrate was
evaporated to dryness to give a green solid. This solid was
3suspended in n-pentane (70 cm ), stirred for 1 hour, filtered 
off and dried under vacuum ( yield = 0,42g ).
Analysis : Calc, for VCl^(dme)^ ^ : C, 20.6; H, 4.3%
Found : C, 20.8; H, 4.7%
The infrared spectra for the violet and green complexes 
are shown over the range 1200-200 cm  ^ (Figure 6.2 ) and 
their reflectance spectra are illustrated in Figure 6.3.
The most obvious difference between the infrared spectra
can be seen in the 200-400 cm  ^region. In the spectrum of
3- -1 -1(■^Clg) bands were seen at 335 cm and 296 cm and assigned
to terminal and bridging V—Cl stretching respectively (163(b)). 
There-are two intense bands in the spectrum of the violet complex 
in this region which may therefore be tentatively assigned to 
terminal V—Cl stretching (370 cm and bridging V— Cl stretching 
(330 cm "S . This differs from the spectrum of the green product 
which has only one band at 372 cm \  presumably due to terminal 
V—Cl. However, bridging chlorides may be present as their 
stretching may not be infrared active.
Three spin allowed d-d bands are expected in the electronic
(149)spectra of octahedral vanadium(III) complexes corresponding
to the transitions ^T2g^v l^  ' ^lg"* '^ T l g ^  V^2^
3 3
T^g-3- A2g^v3  ^; however the band is usually obscured by
charge transfer interactions. The reflectance spectra of the 
violet and green complexes may be interpreted in terms of 
octahedral stereochemistries and the band maxima assigned to
the above transitions as follows. The spectrum of the violet
-1 -1complex has three intense bands at 12300 cm (v^) , 20000 cm
C^) and 27400 cm ^(^3) and there are three bands at 11800 cm ^
-1 -1 (v^) , 14800 cm (V2) and 26700 cm in the spectrum of the
green complex.
The magnetic moment of the green complex, VCl^Cdme)^  ^
was found to be 2.41 yB which is lower than the spin-only 
value for two unpaired electrons (2.83 y^) and so there may be
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antiferromagnetic coupling. Therefore this may be a binuclear 
complex ( Figure 6.4 ) with antiferromagnetic coupling via 
the bridging chlorides.
FIGURE 6.4
A low temperature magnetic study would help to characterise 
this complex. Alternatively single crystal X-ray analysis 
should completely define this complex in the solid state.
The band at 330 cm ^ in the infrared spectrum of the 
violet complex, assigned to bridging chloride, and the 
insolubility of this complex in 1,2-dimethoxyethane indicates 
it may have a polymeric structure. However, further work, 
such as magnetic study is needed to help characterise this 
complex.
CHAPTER 7
EXPERIMENTAL TECHNIQUES
7.1 Apparatus and Preparative Methods
Vanadium(II) and (III) compounds are, in general, highly 
sensitive to moisture and aerial oxidation. Therefore, they 
were manipulated in vacuum or under an inert atmosphere of 
nitrogen using the two types of vacuum line described below.
In Surrey ' white spot ' nitrogen was passed from a bank 
of cylinders through a glass column 50 cm in length and 5 cm 
in diameter containing chromium(II) deposited on finely 
divided silica. This removed residual oxygen and moisture 
from the nitrogen which may then be dried further by passing 
through a column containing molecular sieve 4A._ The nitrogen 
entered the vacuum line at tap A and the flow was controlled 
by a needle valve (. Figure 7.1 ). Apparatus was attached to 
the line at joints X, Y and Z by rubber tubing, and 
deoxygenated by evacuating and flushing with nitrogen four 
times. A typical filtration is shown in Figure 7.2.
The other type of vacuum line developed at the A.F.R.C. 
Unit of Nitrogen Fixation at Sussex University uses high 
purity nitrogen gas ( < 3 ppm oxygen ). This is pumped from 
the top of a large tank of liquid nitrogen to a regulator 
adjusted to give low pressure but fast flow. The nitrogen 
then passed through a paraffin-filled trap, and to one side 
of a glass 1 H line 1 ( Figure 7.3 ). The other side of the
line is under vacuum, and so by attaching apparatus via rubber 
tubing at points A, B, C, D, and E, then alternately applying 
vacuum and admitting nitrogen several times the apparatus 
was deoxygenated. In contrast with the techniques developed 
at Surrey, a flow of nitrogen is used to exclude air from 
apparatus. Typical filtration apparatus is shown in Figure
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Figure 7.2 A typical filtration using the Surrey vacuum line 
technique.
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7.4. This technique proved very successful in handling 
vanadium(III) compounds and this has been used with the Surrey 
vacuum line. However, with vanadium(II) compounds it was 
found that a small amount of oxidation occurred after attaching 
apparatus before a vacuum could be applied. Therefore 
vanadium(II) compounds were only handled by techniques that 
did not require a flow of nitrogen to exclude air.
The vanadium(II) compounds were transferred from filters 
to sample tubes with ground glass caps using a Nitrogen Box 
( Section 7.4 ). Vanadium(III) compounds could be placed in 
a blown glass tube fitted with a rubber bung against a stream 
of nitrogen using the apparatus shown in Figure 7.5.
7.2 Syringe and Needle Techniques
These techniques proved very successful when handling 
vanadium(III) compounds, but vanadium(II) compounds were too 
air sensitive.
Syringing reactants or solvents into a reaction flask 
via a ’ suba seal 1 or against a flow of nitrogen is a fast 
and effective method to mix reactants in a preparation. One 
of the most useful crystallisation methods is ' layering 1 a 
solution in one solvent with another less dense, miscible 
solvent. The compound must not be very soluble in the less 
dense solvent, and as the less dense solvent diffuses into the 
solution crystals form at the interface. In order to obtain 
a layer the less dense solvent must be dripped from a syringe 
onto the sides of the reaction flask and hence on top of the 
solution ( Figure 7.6 ).
A double-ended needle can be used to separate a suspension 
under nitrogen, or decant solution from crystals as an
Figure 7
(i)
—  nitrogen
3-3- £ ----nitrogen
(3)
vacuum
vacuum
_4_ A typical filtration using the Sussex line
technique (1) attach flask; (2) invert and filter; 
(3) cap and dry in vacuum.
compound _ . ^
deoxygenate
(1)
nitrogen \
\
Figure 7.5 Apparatus used for placing vanadium CHI) 
compounds in glass tubes.
to vacuum line
solvent
solution
suba seal
syringe
containing
solvent
Figure 7.6 ’ Layering 1 a solution
partial
vacuum
crystals solution
Figure 7.7 Decanting a solution using a double ended needle.
alternative to filtration by inverting the reaction flask 
( Figure 7.4 ). One end of the needle is put into the top 
of the reaction flask through a * suba seal ' and flushed 
with nitrogen for several minutes. The other end of the 
needle is inserted through a * suba seal 1 on the receiving 
flask ( or filter ). Then by applying a slight vacuum to the 
receiving flask the solution can be sucked across ( Figure 7.7 ).
7.3 Crystal Mounting
The apparatus, shown in Figure 7.8, allows air-sensitive
c r y s t a l s  t o  b e  s e l e c t e d  a n d  m o u n t e d  i n  a  L i n d e m a n n  c a p i l l a r y .
(166)This procedure was fully described by previous workers 
but a brief explanation is given below.
First, the capillary was chosen, according to the size of 
the crystals to be mounted, and held with plasticine to a glass 
rod joined to the apparatus. The apparatus was deoxygenated 
and the sample tube containing the crystals attached in the 
nitrogen box or against a flow of nitrogen. Crystals were 
then shaken down the arm to the raised mounting platform. A 
suitable crystal was chosen using the bifocal microscope and 
placed in the capillary using the wire. It was sometimes 
necessary to hold the crystal with a small piece of paraffin 
wax if it did not wedge in the capillary. Deoxygenated nujol 
was placed in the end of the capillary, before removal, to 
exclude air. On removal the capillary was sealed between the 
crystal and the nujol with a small flame. This may be further 
sealed with hot wax.
The sealed capillary was mounted on the goniometer head 
and the diffraction data were collected with an Enraf-Nonius 
CAD4 diffractometer.
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7.4 Nitrogen Box
A nitrogen box has many advantages over the glove bags 
described by previous workers and was found to be an
essential supplement to the vacuum line particularly when 
handling vanadium(II) compounds. The model used was a 
Faircrest Engineering Model ,4A, the main features of which 
are shown in Figure 7.9. The box operates under a positive 
pressure of nitrogen ( - 2 on the water gauge ) to lessen 
diffusion of air through seals and gloves into the box. A 
positive pressure is maintained by a disc valve which admits 
nitrogen into the box if the pressure falls. Nitrogen is 
vented through the bubbler when there is excess pressure. An 
additional valve can be operated by a foot-switch via the 
control box when it is necessary to admit nitrogen quickly.
The nitrogen can be supplied from the bench or an auxiliary 
cylinder.
Once the box has been swept with nitrogen traces of oxygen 
are removed by recirculating the nitrogen over a heated BTS 
catalyst column (H). Then the nitrogen passes through a 
water cooled heat exchanger (J) and down a column of Linde 
4A molecular sieves (K) to remove moisture. The recirculation 
is regulated by switches 1 and 2 of the control box where 
position 0 is off, A turns the circulating pump on, B heats 
the BTS catalyst column with the pump on and C is used during 
regeneration of the catalyst.
The nitrogen was tested with a Systech Instruments Ltd; 
oxygen monitor, model EC90, and a Simac Instruments Ltd;
Aquanel moisture monitor. These instruments are connected to 
various nitrogen sampling points via control switch 3. The
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gas can be sampled before recirculation (D) after recirculation 
(E) at the main port (F) or from the box (G). The level of 
oxygen was usually below 1 ppm and the water content to less 
than 10 ppm in this type of box.
Another feature which helps to keep the atmosphere pure 
are the internal glove ports which are kept in place when the 
box is not in use and allow the rubber gloves to be purged 
before use. This removes the oxygen and moisture which 
accumulates by diffusion through the gloves when the box is 
not in use.
The gas must be recirculated for about 2 hours before use. 
There are two ports through which apparatus can be taken into 
the box. The larger port is generally used because of its 
greater capacity but this must be flushed with nitrogen for a 
longer time ( ca. 25 mins ) than the smaller port ( ca. 15 mins. 
After the port is flushed and the gloves purged the box can 
be used. Admission of water vapour from sweaty hands is 
minimised by wearing disposable surgical gloves dusted with 
talc inside the rubber gloves.
7.5 Magnetic Measurements
Magnetic susceptibilities were measured with a Johnson 
Matthey Equipment Ltd. magnetic susceptibility balance at room 
temperature. The operation of the balance is based on the 
Gouy method which measures the force which a magnet exerts on 
a cylindrical sample in a non uniform .field; this instrument 
measures the equal and opposite force which the sample exerts 
on a pivoted permanent magnet. The sample is loaded into a 
pyrex glass tube in the nitrogen box. The tube is stoppered, 
placed in the balance, where the specimen is positioned between
the pole pieces of a small permanent magnet, and a reading
appears on a digital display. This can be converted to the
gram susceptibility ( x~ ) by the following equation :
y
xg - C1 <R - V  
109m
where C = the calibration constant ( determined using
Hg(Co(NCS)4) and (Ni(en)3)S203 )
1 = the length of the sample (cm)
R = the reading obtained for the tube and sample
Rq = the reading obtained for the tube alone
m = the weight of the sample (g).
The gram susceptibility was multiplied by molecular weight 
to give the molar susceptibility ( x^ j ) in each case. The 
atomic susceptibilities ( XA ) °f vanadium were obtained by 
correcting x^ f°r the diamagnetism of the ligands and any 
ions present in the compounds. The diamagnetic corrections 
were taken from the literature or obtained from Pascal1s
4. 4. (168)constants
The effective magnetic moments ( ye ) were calculated 
from the formula
Ue = /2.82 8xaT yB
where T = the absolute temperature 
= the Bohr Magneton
7.6 I n f r a r e d  S D e c t r a
Infrared spectra were recorded over the range 4000 - 
200 cm  ^on a Perkin Elmer 577 spectrophotometer as nujol
mulls between KBr plates ( above 600 citT1 ) or polythene 
discs ( below 600 cm  ^ ) . Air-sensitive complexes were 
mulled and mounted in the nitrogen box using deoxygenated 
nujol.
7.7 Ultra-violet and Visible Spectra
Diffuse reflectance spectra were recorded over the range 
33000 - 5000 cm  ^on a Beckman Acta MIV spectrophotometer. 
Air-sensitive complexes were loaded into a 2 mm silica solution 
cells and fitted with stoppers in the nitrogen box. The 
cells were then placed in the reflectance attachment on the 
spectrophotometer and the spectra recorded using barium 
sulphate as the reference.
7.8 Solution Spectra
A Beckman Acta MIV spectrophotometer ( normal operation ) 
was used to record the solution spectra of some air sensitive 
vanadium complexes. The solutions were made with deoxygenated, 
purified solvents under nitrogen and transferred to deoxygenated 
cells using the attachment shown in Figure 7.10. The spectra 
were taken over the range 33000 - 5000 cm  ^with purified 
solvent as reference.
7.9 Analytical Methods
Vanadium(II) complexes were analysed by titration and 
ignition to vanadium pentoxide whereas the higher oxidation 
state complexes were analysed by the latter method only.
Vanadium(II) Titrations
These were carried out using a technique developed by . 
Khamar (167(d)) us^ng fqask shown in Figure 7.11. Distilled
water ( ca 25 cm3 ) was placed in the flask together with a
Figure
Figure
(b)
.10 Solution Spectra attachment with (a) 2 mm path 
length cell and (b) 1 cm path length cell.
nitrogen outburette
rubber bung
sample tube
— nitrogen in
magnetic stirring bar
.11 Flask used for vanadium (II) titrations
few drops of 0 .1% aqueous solution of neutral red indicator. 
After deoxygenation a sample tube containing a .known weight 
of vanadium(II) complex was attached with a flow of nitrogen 
and the complex dissolved. Similarly the glass rod in the 
rubber bung is replaced with a 50 cm3 burette containing 
ferric alum of known concentration in dilute, deoxygenated
_3
sulphuric acid ( 1 moldm ). The vanadium(II) solution is 
then titrated.
Potentiometric titrations have shown that two
reactions are involved, a rapid reaction (a) and a comparatively 
slow reaction (b) :
..2+ 3+ v „3+ _ 2+ . .V + Fe — > V + Fe (a)
V3+ + Fe3+ + H20 V02+ + Fe2+ + 2H+ (b)
If the titration is done under acidic conditions the 
second reaction (b) is so slow its effect is negligible. 
Therefore the moles of ferric alum are equivalent to the moles 
of vanadium(II). At the end point the colour changes from 
green to violet. All analyses were done in duplicate.
Total Vanadium Analyses
A ceramic crucible with lid was heated to constant weight.
A known weight of complex ( ca 0.1 g ) is placed in the
crucible which was then heated on a hotplate to oxidise the
complex fully. The organic matter was completely removed by 
adding a few drops of concentrated sulphuric acid followed by 
a similar amount of concentrated nitric acid and then heating 
gently to dryness. The residue was ignited in a muffle furnace 
at 800°C for 2 hours. All the vanadium oxidised to vanadium 
pentoxide and so the total vanadium content of the complex
could be found. All analyses were performed in duplicate.
Mi c r o an a ly s e s
Carbon, hydrogen and nitrogen analyses were carried out 
by the University of Surrey Microanalytical Laboratory or by
C. M. Macdonald at the A.F.R.C. unit of Nitrogen Fixation,
Sussex University.
7.10 N.M.R. Spectra
The 90 MHz 'H n.m.r. spectra were measured by Mr. J. P. 
Bloxidge, University of Surrey, using a Bruker WH90 spectrometer. 
A small amount of tetramethylsilane (T.M.S.) was placed in 
each sample to act as an internal reference.
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The Preparation and Crystal and Molecular Structures of 
Trichlorobis(methyldiphenylphosphine)vanadium(in) and its Acetonitrile 
Adductt
John Bultitude, Leslie F. Larkworthy,* David C. Povey, and Gallienus W. Smith
The Joseph Kenyon Laboratory, Department of Chemistry, University o f Surrey, Guildford G U2 5XH  
Jonathan R. D ilw orth* t
A.F.R.C. Unit o f Nitrogen Fixation, University of Sussex, Brighton BN1 9RQ
The complex [VCI3(PPh2M e)2] has been prepared from [VCI3(M eC N )3] or [VCI3(thf)3] (thf = 
tetrahydrofuran) and the tertiary phosphine in toluene. In the crystal there are two independent 
trigonal-bipyramidal molecules with axial phosphine ligands. There is considerable distortion from 
regular co-ordination polyhedra and mean bond distances are V-C I, 2.22 and 2.23 A, and V -P , 
2.54 and 2.53 A. On long reflux of a solution of [VCI3(M eC N )3] and PPh2Me in toluene, the 
complex [VCI3(M eC N )(P P h2M e)2] is obtained. It contains six-co-ordinate vanadium(m) with 
meridional V-C I bonds of average length 2.30 A. Other bond distances are V -N , 2 .140(3 ) A and 
V-P, 2.56 A (av.).
Complexes of vanadium(m) with tertiary aliphatic phosphines, 
[VC13(PR3)2] (R = Me, Et, or Prn) have been prepared from 
VC13 and are thought1 to be trigonal bipyramidal with the 
phosphines co-ordinated axially. However, triphenylphos- 
phine and tricyclohexylphosphine react with VC13 only in melts 
of the phosphine to give compounds of varying atomic ratios 
which were thought to be dimers, e.g. [{VCl3(PPh3)}2]. The 
related complexes [VX2(PR3)2(r|5-C5H 5)] (X = Cl or Br, R = 
Me or Et) have been prepared by reacting [VX3(thf)3] (thf = 
tetrahydrofuran) with [Mg(r|5-C5H 5)2] and PR3.2 These 
complexes are useful starting materials for the preparation 
of other vanadium complexes such as [V(CO)3(PEt3)(r|5- 
C5H 5)]. It has been reported that a vanadium(n) dimer, 
[{VCl2(PEt3)2}2], can be prepared by zinc reduction of 
[VCl3(PEt3)2] or reaction3 of PEt3 with ‘VCl2(thf)2,’ now 
known to be a mixed-metal salt, [{V2(p-Cl)3(thf)6}2]- 
[Zn2Cl6].4 Furthermore, reaction of this mixed-metal salt 
with PPh2Me followed by addition of LiBH4 yields a green 
solution from which crystals of a bimetallic vanadium(i) 
polyhydride [V2Zn2H4(BH4)2(PPh2Me)4] can be isolated.5 
The use of bis(diphenylphosphino)methane (dppm) and 
NaBH4, instead of PPh2Me and LiBH4, affords a 
vanadium(n) dimer with bridging chlorine atoms, bridging 
dppm, and bidentate tetrahydroborate, [{V(p-Cl)(p-dppm)- 
(BH4)}2].6 Therefore, by slightly altering the ligands and 
reagents a zinc-free product may be obtained from the 
mixed-metal salt. Recently l,2-bis(dimethylphosphino)ethane 
(dmpe) has been reacted with the mixed-metal salt to yield 
[VCl2(dmpe)2].7
Before the present work no mononuclear complexes of 
vanadium(ni) with aromatic phosphines had been obtained. 
The preparations, properties, and molecular structures of 
[VCl3(PPh2Me)2] and its adduct [VCl3(MeCN)(PPh2Me)2] 
are reported.§ During the preparation of this paper the low- 
temperature (— 160 °C) crystal structure and other properties of
t  Present address: Chemistry Department, University of Essex, 
Colchester C 0 4  3SQ.
X Supplementary data available (No. SU P 56575, 4 pp.): thermal para­
meters. See Instructions for Authors, J. Chem. Soc., Dalton Trans., 1986, 
Issue 1, pp. xvii— xx. Structure factors are available from the editorial 
office.
§ Presented at the British Crystallographic Spring Meeting, University 
of Bristol, April 1985.
[VCl3(PPh2Me)2]*0.4C5H 12 were published.8 As indicated 
below there is generally good agreement with our results.
Experimental
All reactions were carried out under nitrogen with deoxygen­
ated solvents. VC13 (B.D.H.) and PPh2Me (Aldrich Chemical 
Company) were used as received. Acetonitrile (B.D.H.) was 
allowed to stand over P20 5 for a few days and distilled under 
nitrogen. Tetrahydrofuran (B.D.H.) was left over LiAlH4 for a 
few days and then distilled under nitrogen. Toluene (B.D.H.) 
was left over Na wire for a few days. The wire was removed and 
the toluene was distilled under nitrogen. n-Pentane (B.D.H.) 
was washed with portions of concentrated sulphuric acid until 
there was no colouration of the acid layer after 12 h. It was then 
washed with portions of 5 mol dnr3 KMn04 (in 3 mol dm-3 
H2S04), and left to stand over more KMn04 solution for 2 d 
after which there was no effervescence with fresh KMn04. The 
n-pentane was then washed several times with distilled water 
and NaHCOa solution, to remove any residual acid, and 
distilled under nitrogen. All solvents were stored under 
nitrogen. [VCl3(MeCN)3] and [VCl3(thf)3] were prepared 
from VC13 by literature methods.9,10
Magnetic susceptibilities at room temperature were deter­
mined on a balance obtained from Johnson Matthey 
Equipment Ltd. and calibrated with Hg[Co(NCS)4]. The 
sample tube was filled under a nitrogen atmosphere. Diffuse- 
reflectance and solution spectra of samples in sealed cells were 
recorded on a Beckman Acta M  IV spectrophotometer.
Preparation o f Trichlorobis{methyldiphenylphosphine)vana- 
dium{in).— This complex was prepared from both [VC13- 
(MeCN)3] and [VCl3(thf)3].
A green suspension of [VCl3(MeCN)3] (0.55 g, 1.96 mmol) in 
deoxygenated toluene (50 cm3) was prepared. To this, methyl- 
diphenylphosphine (1.25 cm3, 6.24 mmol) was added and a red 
solution formed immediately together with a small amount of 
white precipitate which is thought to be an impurity present in 
the phosphine. The precipitate was filtered off and the red 
solution kept below 0 °C in a refrigerator for two weeks. This 
gave a low yield (6%) of red crystals which were isolated by 
decanting the mother-liquor, dried under vacuum, and stored 
under nitrogen.
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Table 1. Analytical® and physical data for the vanadium(m) complexes
Electronic spectra 7cm *1
A
Analyses(%)
A
Complex Colour v (C N )7 c m '1
(
Reflectance Solution®
>
Assignment/ P e ff./B .M ."
(
C H  N
[V C l3(P P h2M e )2] Red 5 210s 
7 250s 
14 300w 
20 000s 
26 900s
5 350 (43)
7 690 (24)
20 000(135)
3A\,3A2,<----3A'2
2E"(F) <-----3A2
lE\ ’E  <----3A2
3E"(F) <----3A2
3E"(P),3A'2(P) <----3A'2
2.77 9 57.0 
(56.0)
4.8 —  
(4.7) -
[V C l3(M e C N )(P P h 2M e )2] Green 2 323w 
2 298m
14 700s 
22 000s 
26 300s
14 140 (39)h 
20 410(sh)
31 950(1 900)
3t  .____3t
2g 1 lg
3Tlt(P)<---- -3Tlg
3A2g<— 3Tlg
2.64 '55.3
(55.2)
4.9 2.4 
(4.9) (2.3)
“ Calculated values given in parentheses.b As N u jo l m u ll.c Range 5 000— 33 000 cm '.d Measured at 295 K; B .M . =  0.927 x 10~23 A m 2. * Toluene 
solution of [V C l3(P P h 2M e )2]; acetonitrile solution of [V C l3(M e C N )(P P h 2M e )2]; e(dm3 m o l'1 cm '1) in parentheses.f Assignments follow those made 
in ref. 13 for [V C l3(N M e 3)2], 9 From  [V C l3(M e C N )3]; from [V C l3(thf)3]  C, 56.9; 57.1; H , 4.8; 4.9%.h Solvolysis of [V C l3(M e C N )(P P h 2M e )2]  may 
occur.1 Analyses o f some apparently pure samples gave equally good C  and H  analyses but low nitrogen analyses.
Table 2. Positional parameters with estimated standard deviations in parentheses for [V C l3(P P h2M e)2]
Atom X y 2 Atom X y z
V ( l ) 0.744 12(8) 0.198 44(7) 0.054 35(6) C(125) 0.704 5(9) -0 .1 9 2  0(6) 0.055 6(5)
V(2) 0.703 01(8) 0.767 40(7) 0.461 59(6) C(126) 0.712 7(7) -0 .0 8 4  5(6) 0.036 2(4)
C l ( l l ) 0.771 3(2) 0.349 4(1) -0 .0 3 7  1(1) C(131) 0.7104(5) 0.153 8(5) -0 .1 4 1  9(3)
C l(12) 0.878 0(2) 0.094 0(1) 0.124 5(1) C(132) 0.748 0(6) 0.233 1(6) -0 .2 0 4  2(4)
Cl(13) 0.571 7(2) 0.149 6(2) 0.071 8(1) C(133) 0.687 3(9) 0.264 5(7) -0 .2 7 3  0(5)
0 (2 1 ) 0.638 5(2) 0.644 9(1) 0.409 5(1) C(134) 0.586 4(8) 0.216 6(7) -0 .2 7 7  8(5)
C l(22) 0.841 1(1) 0.735 5(1) 0.549 22(9) C(135) 0.551 5(7) 0.143 5(7) -0 .2 1 6  9(5)
C l(23) 0.628 6(2) 0.926 7(1) 0.420 9(1) C(136) 0.609 9(6) 0.109 1(6) -0 .1 5 0 0 (4 )
P ( l l ) 0.744 6(1) 0.290 4(1) 0.163 17(9) C(201) 0.917 6(5) 0.694 2(4) 0.339 4(3)
P(12) 0.788 5(1) 0.108 6(1) -0 .0 5 1  90(9) C(202) 0.903 4(7) 0.653 7(6) 0.276 2(4)
P(21) 0.840 4(1) 0.809 4(1) 0.349 23(9) C(203) 0.965 7(8) 0.563 5(6) 0.274 1(4)
P(22) 0.570 5(1) 0.702 1(1) 0.575 28(9) C(204) 1.037 6(7) 0.514 4(6) 0.3315(5)
C ( l l ) 0.717 4(6) 0.203 9(5) 0.259 0(4) C(205) 1.048 7(7) 0.553 4(6) 0.393 2(4)
C(12) 0.931 8(5) 0.132 8(5) -0 .0 8 1  4(4) C(206) 0.989 2(7) 0.641 7(5) 0.397 6(4)
C(21) 0.768 7(6) 0.861 7(5) 0.257 4(4) C(211) 0.946 5(5) 0.903 2(4) 0.349 6(3)
C(22) 0.597 7(6) 0.562 8(5) 0.617 6(4) C(212) 0.931 4(5) 0.975 5(5) 0.392 5(4)
C(101) 0.655 9(5) 0.405 0(4) 0.159 3(3) C(213) 1.013 8(6) 1.047 6(5) 0.392 2(4)
C(102) 0.6716(6) 0.468 5(5) 0.207 9(4) C(214) 1.108 6(6) 1.046 9(5) 0.350 0(4)
C(103) 0.601 5(6) 0.553 2(5) 0.206 3(4) C(215) 1.125 8(6) 0.977 5(5) 0.306 7(4)
C(104) 0.513 3(7) 0.574 5(5) 0.155 3(4) C(216) 1.044 3(6) 0.905 7(5) 0.307 3(4)
C(105) 0.496 2(7) 0.513 6(6) 0.106 2(4) C(221) 0.588 0(5) 0.762 4(5) 0.654 5(3)
C(106) 0.566 9(6) 0.427 6(5) 0.108 4(4) C(222) 0.584 9(6) 0.870 8(5) 0.635 9(4)
C(111) 0.883 9(5) 0.337 8(4) 0.167 5(3) C(223) 0.596 7(7) 0.920 9(5) 0.694 1(4)
C ( 112) 0.914 7(5) 0.426 2(5) 0.110 6(3) C(224) 0.615 9(6) 0.863 3(6) 0.769 2(4)
C (1 13) 1.022 0(6) 0.4619(5) 0.107 4(4) C(225) 0.623 2(6) 0.756 6(6) 0.788 8(4)
C (1 14) 1.098 7(6) 0.407 8(6) 0.161 2(4) C(226) 0.608 7(6) 0.704 8(5) 0.731 7(4)
C (1 15) 1.069 3(6) 0.321 0(5) 0.218 1(4) C(231) 0.422 0(5) 0.716 3(5) 0.555 2(3)
C (116) 0.961 4(5) 0.284 8(5) 0.221 3(4) C(232) 0.352 1(7) 0.632 6(6) 0.572 6(5)
C(121) 0.777 1(5) -0 .0 3 4  1(4) -0 .0 2 6  6(3) C(233) 0.239 3(6) 0.648 5(7) 0.558 7(6)
C(122) 0.830 8(6) -0 .0 9 3  3(6) -0 .0 6 9  5(4) C(234) 0.196 1(6) 0.743 8(7) 0.526 3(5)
C(123) 0.819 4(8) -0 .2 0 0  7(5) -0 .0 4 7  4(5) C(235) 0.262 6(6) 0.829 3(7) 0.507 1(5)
C(124) 0.757 3(9) -0 .2 4 8  5(6) 0.013 0(5) C(236) 0.374 6(6) 0.814 3(6) 0.522 1(4)
A purple solution of [VCl3(thf)3] (0.96 g, 2.57 mmol) in 
deoxygenated toluene (50 cm3) was prepared. To this, methyl- 
diphenylphosphine (1.54 cm3, 7.71 mmol) was added to give a 
red solution which contained a small amount of white 
precipitate which was filtered off. The solvent was evaporated 
from the red filtrate under vacuum to give a red gel. 
Deoxygenated n-pentane (50 cm3) was added to the red gel. A 
pink microcrystalline precipitate formed which was stirred for 1 
h, filtered off, and dried under vacuum. This gave a high yield 
(88%) of a pink powder which was stored under nitrogen.
Preparation o f (Acetonitrile)trichlorobis(methyldiphenylphos- 
phine)vanadium(iu).— A  green suspension of [VCl3(MeCN)3] 
(1.40 g, 5.00 mmol) in deoxygenated toluene (75 cm3) was
prepared as before. Methyldiphenylphosphine (3.00 cm3, 15.0 
mmol) was added to give a red solution. The mixture was 
refluxed and the solution gradually became dark green. After 
10 h under reflux the solution was allowed to cool very slowly. 
Green crystals formed which were filtered off, dried under 
vacuum, and stored under nitrogen (yield 40%).
When a solution of [VCl3(thf)3] (0.48 g, 1.28 mmol) in 
deoxygenated toluene (60 cm3) was added to methyldiphenyl­
phosphine (0.8 cm3, 4.0 mmol) a dark red solution resulted 
which remained unchanged after 10 h under reflux. The 
spectrum was the same as that of a solution in toluene of 
[VCl3(PPh2Me)2] prepared from [VCl3(MeCN)3] as above.
The analytical and physical data obtained for these 
complexes are given in Table 1.
J. CHEM. SOC. DALTON TRANS. 1986 2255
Table 3. Positional parameters with estimated standard deviations in parentheses for [V C l3(M e C N )(P P h 2M e )2]
Atom X y z Atom X y z
V 0.658 85(5) 0.264 77(4) 0.462 26(3) C(121) 0.634 9(3) 0.364 1(3) 0.270 9(2)
C l( l) 0.706 65(9) 0.415 30(7) 0.511 74(6) C(122) 0.608 6(3) 0.458 9(4) 0.280 1(3)
Cl(2) 0.817 07(9) 0.183 70(9) 0.500 32(6) C(123) 0.528 5(4) 0.502 5(4) 0.229 3(4)
Cl(3) 0.568 99(9) 0.133 05(7) 0.400 60(6) C(124) 0.472 3(4) 0.452 0(6) 0.170 3(4)
P (l) 0.735 58(7) 0.306 54(7) 0.340 39(5) C(125) 0.495 4(5) 0.356 5(7) 0.163 3(3)
P(2) 0.586 60(8) 0.205 89(7) 0.583 94(5) C(126) 0.575 9(4) 0.312 0(5) 0 .2120(3)
N 0.508 4(2) 0.335 0(2) 0.418 4(2) C(211) 0.640 1(3) 0.255 6(3) 0.677 8(2)
C ( l) 0.781 2(4) 0.200 3(3) 0.291 6(3) C(212) 0.742 4(4) 0.297 7(3) 0.690 3(2)
C(2) 0.615 0(4) 0.077 4(3) 0.600 9(3) C(213) 0.787 5(4) 0.328 2(4) 0.762 8(2)
C(3) 0.431 9(3) 0.370 7(3) 0.387 9(2) C(214) 0.732 2(4) 0.319 1(4) 0.826 6(2)
C(4) 0.336 0(4) 0.417 9(4) 0.349 0(3) C(215) 0.630 5(4) 0.277 1(4) 0.812 1(2)
C ( l l l ) 0.853 7(3) 0.386 9(3) 0.344 7(2) C(216) 0.584 2(3) 0.245 4(3) 0.740 6(2)
C (1 12) 0.871 6(3) 0.443 0(3) 0.282 5(2) C(221) 0.439 6(3) 0.218 5(3) 0.577 4(2)
C (1 13) 0.963 2(3) 0.501 8(3) 0.286 7(2) C(222) 0.368 5(4) 0.140 0(3) 0.568 0(3)
C(114) 1.037 8(3) 0.504 3(3) 0.351 9(3) C(223) 0.257 6(4) 0.154 8(4) 0.556 3(3)
C (115) 1.022 0(3) 0.448 7(4) 0.413 2(2) C(224) 0.214 7(4) 0.248 0(5) 0.553 1(3)
C (1 16) 0.930 1(3) 0.389 3(3) 0.410 3(2) C(225) 0.283 8(4) 0.324 6(4) 0.562 7(3)
C(226) 0.394 3(3) 0.311 1(3) 0.574 2(2)
X-Ray Structure Determination o f [VCl3(PPh2Me)2].—  
Crystals, prepared from [VCl3(MeCN)3] as described above, 
were sealed under nitrogen in Lindemann capillaries.
Crystal data. C26H 26C13P2V, M  = 557.75, triclinic, a = 
12.003(2), b = 13.744(2), c = 17.751(4) A, a = 74.00(2), p = 
89.19(2), y = 88.07(1)°, (7 = 2 710.9 A3 (by least-squares 
refinement of 25 automatically centred reflections, X = 0.710 69 
A), space group Pi, Z = 4, D c = 1.367 g cm-3. Red, air- 
sensitive tablets, approximate dimensions 0.3 x  0.3 x  0.1mm, 
F(000) = 1 144, p(Mo-tfa) = 7.81 cm"1.
Data collection and processing}1 Enraf-Nonius CAD4 
diffractometer, co/20 mode with co scan width = 0.70 + 0.35 
tan 0, co scan speed 3.33° min"1, graphite-monochromated Mo- 
Ka radiation; 9 327 unique reflections (all h positive, 
1 ^ 0 ^  25°) yielding 5 175 reflections with I  ^  3a(/).
Structure analysis and refinement. Direct methods (V, Cl, and 
P atoms) followed by normal heavy-atom procedures. Full- 
matrix isotropic refinement of all non-hydrogen atoms with 
hydrogens in calculated positions until convergence at R = 
0.099 followed by application of absorption correction. Full- 
matrix anisotropic refinement of all non-hydrogen atoms, 
hydrogens fixed as before, converged at R = 0.052, R' = 0.067. 
The weighting scheme w = Lp/[a2(7) + (0.07/)2]* where I  =  
raw intensity gave satisfactory agreement analyses. Throughout, 
the 001 reflection was omitted. Programs, computers, and 
scattering factor data are given in ref. 11. Atomic co-ordinates 
are given in Table 2.
X-Ray Structure Determination o f [VCl3(MeCN)(PPh2- 
Me)J.— Crystals were prepared as described previously and 
sealed under nitrogen in Lindemann capillaries.
Crystal data. C28H 29C13NP2V, M  = 598.8, monoclinic, a = 
12.359(3), b = 13.816(1), c = 17.654(3) A, P = 98.31(2)°, U =  
2 982.8 A3 (by least-squares refinement of 25 automatically 
centred reflections, X = 0.710 69 A), space group P l j n  (alt. 
P2Jc no. 14), Z = 4, D c = 1.333 g cm-3. Green, air- 
sensitive tablets, approximate dimensions 0.2 x  0.2 x  0.1mm, 
F(000) = 1 204, p(Mo-/Q = 7.16 cm"1.
Data collection and processing.11 Enraf-Nonius CAD4 
diffractometer, to/20 mode with to scan width = 0.80 + 0.35 
tan0, to scan speed 3.33° min"1, graphite-monochromated Mo- 
Ka radiation; 4 669 unique reflections measured (1^0^ 25°) 
yielding 3 737 with I  ^  2.58a(f).
Structure analysis and refinement. Direct methods (V and Cl 
atoms) followed by normal heavy-atom methods. Full-matrix
[VC t3(M eC N )3 l + PPh2Me — ^ — >  [VC l3(P P h2Me)2]
(excess )light green
[V C l ( t h f )  ] + PPh Me [VCl (M eCNHPPh Me),]3 3 2 3 2 I
pink . (excess) green
Scheme. (/) toluene; (//) M eC N , reflux, 10 h
least-squares refinement with all non-hydrogen atoms aniso­
tropic and hydrogens in calculated positions. The weighting 
scheme w = Lp/[a2(/) + (0.05/)2]* where / = raw intensity 
gave satisfactory agreement analyses. The 30T reflection was 
omitted because of extinction. Final R and R' values were 0.043 
and 0.064 respectively. Programs and computers used and 
sources of scattering factor data are given in ref. 11. Atomic co­
ordinates are given in Table 3.
Results and Discussion
The preparation of [VCl3(PPh2Me)2] from [VCl3(MeCN)3] 
and reaction to give the acetonitrile adduct are outlined in 
the Scheme. [VCl3(PPh2Me)2] may also be prepared from 
[VCl3(thf)3]. However, the colour of the solution of 
[VCl3(PPh2Me)2] prepared in this way remained unchanged 
after refluxing in toluene for 10 h which suggests that 
tetrahydrofuran cannot form an adduct with [VCl3(PPh2Me)2].
There are two independent molecules in the crystals of 
[VCl3(PPh2Me)2]. Each has a trigonal-bipyramidal structure 
with the phosphines co-ordinated in the axial positions (Figure 
1). The V-CI bond distances in the two molecules are the same 
within experimental error, and within each molecule one V-CI 
distance (ca. 2.19 A) is markedly shorter than the other two 
which are approximately equal (ca. 2.24 A). The Cl-V-Cl bond 
angles (115.7— 125.5°) show some distortion from the expected 
120° (Table 4). The corresponding angles are 118.1 and 121.0° 
(two) in [VCl3(NMe3)2], the only other trigonal-bipyramidal 
complex of vanadium(m) which has been structurally character-
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C (1 U ) ^ C ( 1 1 6 )
cm)
C(112)
C(11)
C (106) ^ C I K H )
^C(IOI) ^C(103) 
P(11) ^ ^ C ( 1 0 2 )
'C l (13)
C 1(12)------ V(1)
'C I136)
‘CK11J
•P(12) 'C (126)
C(135) 
C(134)
'c(i3ir 'C(121)
I C(12) I
C(132) C( 122)
'C{125)
'C(124)
^C(133) ^ C (1 2 3 )
Figure 1. Atom  numbering scheme and stereoscopic pair for [V C l3(P P h2M e )2]
^CM25)
C{12A) C {126)
I I
C{123) __ ^C(121)
^ " - C ( 1 2 2 ) ^ ^
C l ( 1 ) \
^^qi15)
C(116) C(1U)
C(1)
C1111) ^ C | 1 1 3 )
P ( 1 ) /  ^-Ctll 2)
— C(3)— CIA)
C I2 2 5 )
C I22A)
C IO )
C I226 )
•C II2 )
. pm
C f221) 1 ^  — C(211)
I C(2)
,C (2 2 2 ) C I212)
•C {216)
C l215)
/ C ( 2 U )
C I223 ) ^*C|213)
Figure 2. Atom  numbering scheme and stereoscopic pair for [V C l3(M eC N )(P P h 2M e )2]
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Table 4. Bond lengths (A) and angles (°) for [V C l3(P P h2M e )2]. Values 
are given for molecule 1 with equivalent values for molecule 2 alongside
Table 5. Bond lengths (A) and angles (°) for [V C l3(M e C N )(P P h 2M e )2]
V ( i ) - c i ( i i ) 2.232(2) 2.240(2)
V ( 1)—Cl(12) 2.237(2) 2.238(2)
V (1)—C l( 13) 2.181(2) 2.196(2)
V ( l ) - P ( l l ) 2.552(2) 2.522(2)
V ( l ) —P( 12) 2.534(2) 2.528(2)
P ( l l b C ( l l ) 1.801(6) 1.804(6)
P (11)-C(101) 1.810(6) 1.807(6)
P(1 l ) - C ( l l l ) 1.815(6) 1.810(6)
P( 12)—C ( 12) 1.804(7) 1.810(6)
P(12)—C( 121) 1.828(6) 1.817(7)
P( 12)—C ( 131) 1.807(6) 1.815(6)
C l( l 1)—V ( l ) —Cl(12) 125.5(1) 123.2(1)
C l( 11)—V ( 1)—Cl( 13) 115.7(1) 117.4(1)
C l( 12 )-V ( 1)—C l( 12) 118.8(1) 119.4(1)
C l ( l l ) - V ( l ) - P ( l l ) 91.6(1) 86.9(1)
C l( l 1)—V ( l ) —P(12) 86.4(1) 88.0(1)
C l(12)—V ( l )—P (11) 84.7(1) 91.4(1)
C l(l 2 )-V ( 1 ) -P (  12) 86.6(1) 87.5(1)
C l( 13)—V ( 1)—P( 11) 96.0(1) 90.2(1)
C l( 13 )-V ( 1 ) -P (  12) 95.8(1) 96.3(1)
P ( l l ) -V ( l ) -P (1 2 ) 167.8(1) 173.0(1)
C ( l l) -P ( l l } -C (1 0 1 ) 103.8(3) 105.5(3)
C ( l l ) - P ( l l ) - C ( l l l ) 105.9(3) 104.8(3)
C (1 01 )-P (l 1 )-C (1 11) 103.2(3) 104.3(3)
C (12)-P (12)-C (121) 105.2(3) 105.8(3)
C ( 12)—P( 12)—C ( 131) 104.6(3) 105.6(3)
C ( 121)—P( 12)—C ( 131) 103.3(3) 104.3(3)
C -C  bond length in phenyl rings = 1.37(2) A; range
ised.12 Also, in this complex the bonds to the axial tri- 
methylamine ligands are at right angles to the plane containing 
the chlorine and vanadium atoms, i.e. N-V-N = 180°, whereas 
in the molecules of [yCl3(PPh2Me)2] P-V-P =167.8 and 
173.0°. The greater distortion from the ideal trigonal bipyramid 
in the phosphine complex is caused by steric effects of the 
phosphine ligands and crystal packing. The mean V-CI 
separations (2.217 and 2.225 A) are similar to that in 
[VCl3(NMe3)2] (2.239 A).12
The dimensions of the trigonal-bipyramidal molecules agree 
well with those determined recently under different conditions 
(— 160 °C) on a crystal obtained by a different procedure. The 
solid, which was isolated from rVCl3(th03] and PPh2Me in 
toluene, to which pentane had been added, and recrystallised 
from toluene-pentane, had analyses indicating an average 
composition [VCl3(PPh2Me)2]-0.4C5Hi2. Apparently the 
crystal chosen for investigation contained a negligible amount 
of pentane.8 We have also used a similar method preparatively, 
but our crystals were obtained from [VCl3(MeCN)3] (see 
Experimental section).
The close correspondence between the solution and 
reflectance spectra of [VCl3(PPh2Me)2] (Table 1) indicates that 
the same species is present in solution as in the solid state. The 
band assignments are based on a previous interpretation of the 
electronic spectrum of [VCl3(NMe3)2].13 The effective mag­
netic moment of 2.77 B.M. confirms the oxidation state and is 
close to the values reported for [VCl3(PEt3)2] (2.83 B.M. at 298 
K.)1 and [VCl3(PPh2Me)2]*0.4C5H,2 (2.78 B.M. in benzene at 
295 K).8
The acetonitrile adduct has a distorted octahedral structure 
(Figure 2) with the two phosphine ligands above and below the 
plane formed by the vanadium and chlorine atoms (the 
acetonitrile is slightly removed from this plane). The V-CI bond 
lengths in the adduct are not uniform because of distortion from
V -C l( l )
V-C1(2)
V-C1(3)
V - P ( l )
V -P (2 )
V -N
Cl( 1)—V —Cl(2)
C1(1)-V-C1(3)
C1(2)-V-C1(3)
C l ( l ) -V -P ( l )
C l( l) -V -P (2 )
C l(2 ) -V -P ( l )
C l(2 )-V -P (2 )
C l(3 ) -V -P ( l )
C l(3 )-V -P (2 )
C l ( l ) -V -N
2.300(1)
2.269(1)
2.320(1)
2.540(1)
2.574(1)
2.140(3)
99.84(4)
165.25(4)
94.90(4)
90.54(3)
94.01(3)
87.23(3)
89.14(3)
89.58(3)
86.76(3)
83.65(7)
P ( l ) - C ( l )  
P ( l ) -C ( l  11) 
P( 1 ) -C (  121) 
P (2)-C (2) 
P(2)-C (211) 
P(2)-C (221) 
N -C (3 )  
C (3)-C (4 )
1.831(3)
1.826(3)
1.802(3)
1.826(3)
1.827(3)
1.812(3)
1.132(3)
1.437(5)
C l(2 ) -V -N  175.63(7)
C l(3 ) -V -N  81.60(7)
P ( l ) -V -P (2 )  174.61(3)
C ( l ) - P ( l ) - C ( l  11) 102.0(1)
C ( l ) -P ( l) -C (1 2 1 )  105.2(2)
C ( 111)—P( 1)—C ( 121) 103.3(1)
C (2 )-P (2 )-C (211 ) 100.4(1)
C (2 )-P (2 )-C (2 2 1) 105.7(2)
C (2 11 ) -P (2 )-C (2 2 1) 104.4(1)
N -C (3 )-C (4 )  178.8(4)
M ean C -C  bond length in phenyl rings =  1.38(7) A; range =  1.396—  
1.345 A.
octahedral stereochemistry and are longer than in [VCl3(PPh2- 
Me)2]. The lengthening of the V-P bonds in [VCl3(MeCN)- 
(PPh2Me)2] (2.540 and 2.574 A) compared with [VC12- 
(dmpe)2] (2.499 A)7 suggests greater back-bonding in the latter 
as might be expected from the lower oxidation state of the 
vanadium. The C=N and C-C bond distances in the co­
ordinated acetonitrile [1.132(3) and 1.437(5) A respectively, 
Table 5] correspond closely with those in [VOCl3(MeCN)]14 
[ChN 1.137(2) and C-C 1.445(3) A].
In the reflectance spectrum of the adduct (Table 1) the band
at 26 300 cm-1 has been assigned to the 3A2g< 3T lg
transition15 which has not been observed in other octahedral
vanadium(m) complexes as it was obscured by charge transfer 
or ligand absorption. The effective magnetic moment of 2.64 
B.M. is lower than the spin-only value (2.87 B.M.) but effective 
magnetic moments of ca. 2.7 B.M. have been reported for 
octahedral vanadium(m) complexes.16
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